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INTRODUCTION 


1.1  IF  AS  A  CHEMICAL  LASER 

Following  the  initial  flurry  of  activity  in  the  search  for  a  visible 
chemical  laser  in  the  early  1970's  there  has  been  a  continued  but  somewhat 
subdued  program  for  the  past  several  years.  However,  since  the  formation  of  a 
national  Strategic  Defense  Initiative,  there  has  been  a  renewed  interest  in 
developing  efficient  high  energy  short  wavelength  chemically  pumped  laser 
systems.  The  potential  is  great,  but  no  visible  chemical  lasers  have  yet  been 
demonstrated. 

One  promising  concept  for  producing  a  short  wavelength  chemical  laser 
( SWCL)  is  to  use  energy  transfer  from  a  chemically  produced  metastable  atom  or 
molecule  to  a  suitable  laser  species.  The  search  for  a  laser  system  has  taken 
two  independent  routes,  i.e.,  the  identification  of  suitable  storage  and  laser 
species  and  the  subsequent  coupling  of  the  two.  A  leading  candidate  for 
visible  lasing  is  the  IF  (B  X)  system  at  X  ~  603  nm. 

The  radiative  and  collisional  properties  of  IF(B)  are  nearly  perfect  for 
chemical  laser  development.  Reference  1  reports  the  radiative  lifetime  (t) 
is  ~7  y  s  for  0  <  v*  <  9.  This  translates  into  large  stimulated  emission 
cross  sections  (ase)  for  many  v'  +■  v"  transitions.  For  example, 

<jse  =  7.2  x  10-17  cm2  for  g  >  5  transition.  This  leads  to  a  small  signal 

gain  (y)  of  y  «  0.23  percent/cm  on  the  R(20)  line  for  only  1  mtorr  of  IF(B)  at 
300  K.  In  addition  to  radiative  lifetimes  that  offer  large  optical  gains,  the 
equilibrium  intemuclear  separation  for  the  B  state  is  10  percent  greater  than 
that  for  the  X  state.  Consequently,  the  largest  Franck-Condon  Factors 
(qvi|Vn)  for  IF(B  +  X)  terminate  on  high  v"  facilitating  the  production  of 
population  inversions  between  v'  »  0  and  high  v"  (v"  -  4,5,6).  Interestingly, 
even  though  there  is  a  relatively  large  potential  shift  in  IF,  the  emission 
spectrum  for  the  entire  IF(B  ♦  X)  system  is  relatively  narrow  (440  to  750  nm) , 
and,  as  a  result,  the  B  X  emission  oscillator  strength  is  not  so  severely 
diluted  as  it  is  in  other  molecules  possessing  shifted  potentials. 
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It  has  been  demons ta ted  that  the  IF(B  -*•  X)  system  will  lase  if  a  suitable 
chemical  pump  source  can  be  found  (Refs.  2,  3) .  In  a  pulsed  optically  pumped 
laser  containing  10  torr  of  He,  IF  lased  on  the  (v*,J*)  -►  (v",J")  » 

(0,22)  +  (4,21)  band,  independent  of  which  (v'.J1)  level  was  pumped  for 
v*  -  0  -*■  6.  Thermalization  in  IF(B)  by  He  dominated  all  kinetic  processes. 
Since  most  conceivable  chemical  excitation  mechanisms  will  populate  at  least 
several  v1 ,J*  levels,  the  observation  of  lasing  from  a  thermalized  distribu¬ 
tion  is  evidence  that  relatively  nonselective  chemical  excitation  can  be 
channeled  into  a  single  (vn  -  0)  level  enhancing  both  the  probability  and  the 
efficiency  of  lasing. 

Energy  transfer  experiments  (Refs.  4-6)  have  3hown  that  V-T  collisions  in 
IF( B )  occur  in  single,  |av|  -  1,  steps  with  rates  that  exceed  electronic 
quenching  by  at  least  two  orders  of  magnitude  for  all  the  rare  gases  and  N2. 
Rotational  relaxation  occurs  in  large  (AJ  -  10)  steps  at  nearly  gas  kinetic 
rates. 

While  the  pulsed  IF  studies  answered  critical  questions  concerning  the 
kinetics  of  the  upper  laser  level,  the  recent  continuous  wave  (CW)  optically 
pumped  demonstration  provided  the  definitive  proof  that  relaxation  within  the 
v,J  manifold  in  IF(X)  can  keep  the  terminal  laser  level  essentially  empty 
(Ref.  7). 

Using  these  results,  one  can  then  search  for  pumping  schemes  with  confi¬ 
dence  that  if  an  efficient  chemical  pumping  source  can  be  identified  then 
lasing  may  indeed  be  achieved.  Since  the  laser  properties  of  the  IF(B  -*•  x) 
system  are  well  in  hand  and  appear  favorable,  it  is  in  the  area  of  chemical 
excitation  kinetics  that  the  breakthroughs  necessary  to  produce  a  chemical 
laser  must  occur. 
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1.2  CHEMICAL  PRODUCTION  OF  IF(B) 

Chemical  production  of  IF(B)  was  first  observed  by  Durie  (Ref.  8)  when  he 
reacted  i2  +  F2.  Whitefield  and  Davis  (Ref.  9)  measured  the  rate  coefficient 
for  consumption  of  I2  by  F2  to  be  (1.9  ±  0.4)  x  10“^  cm^/molecule"^ -s“'  at 
room  temperature.  This  is  consistent  with  the  molecular  beam  results  in  Refs. 
10  and  11  which  showed  that  the  I2  +  F2  reaction  has  a  4.2  kcal/mole  activa¬ 
tion  barrier.  In  addition,  Valentini  and  Lee  proposed  the  now  accepted 
mechanism  for  the  IF(B)  excitation  in  the  I2  +  F2  reaction  (Ref.  10): 

I2  +  F2  -►  I2F  +  F  ( 1 ) 

I2F  +  F  +  IF  +  IF;  AE  -  64  kcal/mole  (2) 

The  rate  of  IF(B)  production  via  the  I2  +  f2  reaction  appears  to  be  lim¬ 
ited  by  reaction  (1),  and  if  the  activation  barrier  could  be  exceeded  then  the 
efficiency  of  IF(B)  production  might  be  significantly  enhanced  (Ref.  9). 

The  more  promising  approach  to  a  chemical  laser  demonstration,  energy 
transfer  to  IF(B)  from  metastable  molecules,  has  also  been  observed  for 
several  species.  For  example,  transfer  has  been  observed  from  02(1A) 

(Refs.  12  and  13),  NF('j;)  (Ref.  14),  N2(A^S)  (Ref.  15),  and  active  nitrogen 
(Refs.  16  and  17) . 

It  has  been  determined  that  the  process  N2(A)  +  IF(X)  proceeds  with  a 
rate  coefficient  of  2.0  x  10“10  cm3  molecule“1-s“1  with  an  IF(B)  pumping  effi¬ 
ciency  of  40  percent  (Ref.  15).  Daily,  et  al.  (Ref.  16)  and  Piper  (Ref.  17) 
have  also  observed  that  "active"  nitrogen  pumps  IF.  In  their  preliminary 
study  Daily  et  al.  (Ref.  16)  estimated  that  as  much  as  10  percent  of  the 
ground  state  IF  was  excited  to  IF(B)  by  active  N2  that  was  produced  in  a 
microwave  discharge. 

Another  scheme  that  has  received  considerable  attention  (Ref.  14)  is 


described  by  Eq.  (3) 


NFtb’E)  +  IF( X)  -*■  XF(  B)  +  NF  . 


(3) 


Pritt  and  coworkers  (Ref.  14)  have  observed  this  transfer  process,  and  the 
metastable  molecule  NFCb1!)  can  be  chemically  produced.  Recent  work  by  Setser 
(Ref.  18),  however,  has  shown  that  NF(b)  is  quenched  by  IF(X)  with  a  rate 
coefficient  approximately  two  orders  of  magnitude  faster  than  that  for  IF(B) 
excitation  by  NF(B).  Consequently,  this  excitation  scheme  has  been 
deemphasized. 

The  present  study  was  concerned  with  the  third  excitation  scheme:  the 
energy  transfer  from  excited  singlet  02(3^, b1^)  to  IF(B).  The  maturity  of 
02*  chemical  generator  technology  is  much  greater  than  that  for  either  excited 
N2  or  NF,  and  there  were  several  previous  observations  that  had  indicated  that 
the  02*/IF  system  should  be  studied  further. 

1.3  ENERGY  TRANSFER  FROM  EXCITED  02  TO  IF(B) 

1.3.1  Background  and  previous  investigations — There  have  been  only  two 
reported  investigations  in  which  excited  oxygen  was  used  to  excite  IF(B).  The 
first  was  by  Clyne,  et  al.  (Ref.  12)  in  1972  when  they  reacted  I  +  F  +  02(1&). 
Although  they  proposed  no  definitive  mechanism,  they  favored  the  process 

Oj^A)  +  I(2P3/2>  I<2p1/2)  +  °2(3j:)  (4) 

I(2p1/2)  +  F  +  M  -»•  IF(  B )  +  M  (5) 

where  M  was  a  rare  gas  atom.  The  I(2Pi/2^  anc*  F  night  be  expected  to  have  an 
efficient  three-body  formation  rate  to  IF(B)  because  they  ar:  the  separated 
atom  correlations  of  IF(B). 

In  more  recent  experiments  Whitefield,  Shea,  and  Davis  (Ref.  13)  examined 
chemiluminescence  from  three  reactions. 
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I2  +  F2 


(6) 


I2  +  f2  +  02(1A) 

(7) 

I2  +  F  +  02(1A) 

(8) 

The  IF  emission  intensities  were  in  the  ratio  1/10/50  for  reactions 

„  ,  # IF( B+X)  photon  emitteO/s 

(6).  (7),  and  (8).  Defining  a  photon  yield  4  -  , 

Whitefield  et  al.  (Ref.  13)  measured  4  ~  0.3  percent  for  reaction  (8). 


There  are  several  reasons  for  concluding  that  this  yield  was  not  optimum. 
First,  the  photon  yield  definition  assumed  complete  I2  consumption.  Incom¬ 
plete  reaction  would  have  decreased  the  measured  yield.  Secondly,  very  recent 
results  by  Wolf  and  Davis  (Ref.  5)  and  by  Whitefield  (Ref.  19)  have  shown  that 
1 2  is  an  efficient  quencher  of  IF(B)  (kg  *  3.6  x  10-10  cm3/molecule-s) .  Thus, 
any  residual  I2  would  have  quenched  IF(B),  further  reducing  the  yield. 

Finally,  the  measurements  by  Whitefield,  et  al.  (Ref.  13)  were  performed  over 
a  limited  range  of  conditions.  They  used  a  microwave  discharge  to  produce 
~1015  02(1A)/cm3  at  a  ratio  [02( 1  A) ]/[02( 3E ) ]  of  only  8  percent.  They  found 
that  the  yields  were  02(1A)  limited.  Even  in  their  small  scale  flow  tube, 
Whitefield,  et  al.  produced  IF(B)  number  densities  of  approximately  I010/cm3; 
IF(B)  densities  of  10'2  cm--*  would  almost  certainly  produce  lasing.  Indeed, 
using  a  novel  intracavity  gain  measurement  technique  Williamson,  Hanko  and 
Davis  (Ref..  20)  have  observed  small  signal  gain  for  optically  excited  IF(B) 
concentrations  of  -10 12  cm-3. 


It  appears  that  an  order  of  magnitude  increase  in  pumping  efficiency 
coupled  with  a  high  yield  chemical  oxygen  generator  could  produce  gain  or 
lasing  in  IF.  The  potential  of  this  approach  was  demonstrated  in  1985  when  F2 
was  injected  into  the  I2  +  02(1A)  flow  in  the  RECOIL  laser  device.  Extremely 
intense  IF(B+X)  emission  was  observed.  From  Whitefield,  et  al.  (Ref.  13)  we 
note  that  injecting  F  in  place  of  F2  would  probably  have  produced  an  even 
greater  emission. 
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There  were  other  kinetic  data  that  also  warranted  further  investigation 
of  O^'a)  as  a  pump  source  for  IF(B).  Early  measurements  (Ref.  4)  of  rapid 
removal  of  IF(B;  v  >  3)  by  02  (k  -  8.5  x  10-12  cm3/molecule-s)  were  originally 
attributed  to  electronic  quenching  of  IF(B).  In  a  more  detailed  study,  Wolf 
and  Davis  (Ref.  5)  have  shown  that  the  actual  electronic  quenching  rate  coef¬ 
ficient  is  only  1.3  x  10-12  cm3  molecule- 1 -s- 1 .  Since  the  radiative  rate  for 
IF( B+X)  is  1.5  x  105  s-1,  the  IF  laser  should  tolerate  02  densities  of  at 
least  1  x  1017/cm3  (3  torr)  if  the  quenching  rate  is  indeed  ~1  x  10-12  cm3 
molecule- 1 -s~ * .  This  has  been  confirmed  with  the  observation  of  IF  lasing  in 
the  presence  of  5  torr  of  ground  state  02  in  an  optically  pumped  laser  (Ref.  3). 

Energy  level  diagrams  of  IF  and  02  are  shown  in  Fig.  1.  It  is  clear  that 
neither  02(^A)  nor  02(,Z)  has  sufficient  energy  to  pump  IF(X;  v"«0)  directly 
to  IF(B).  Sequential  collisions  of  02(1Z)  and  02( with  IF(X;  v"»0)  could 
energetically  transfer  AE  ~  21100  cm-1,  which  would  produce  IF(B;  v'»5).  Such 
a  model  involving  sequential  02*  collisions  requires  an  intermediate  energy 
reservoir  in  the  IF  manifold.  There  are  two  likely  candidates:  IF(X;  v">>0) 
and  IF  A' (3H2).  Since  E-V  energy  transfer  promoting  IF(X;  vM=0)  to 
IF+(X;  v">>0)  would  be  expected  to  be  improbable  because  of  Franck-Condon 
considerations  (Ref.  21),  it  is  an  unlikely  candidate. 

At  the  outset  of  this  program  the  location  of  Te  for  the  IF(A' )  state  was 
not  known  but  had  been  estimated  to  be  in  the  range  13,000  to  15,000  cm-1 
(Ref.  13).  Very  recent  results  by  Heaven  (Ref.  22)  have  determined  Te ( A 1 )  - 
13,250  cm-'  in  an  Ar  matrix.  Thus,  while  02( ^A)  cannot  directly  promote 
IF(X;  v"«0)  to  the  A'  state,  it  would  appear  that  02(^Z)  may  contain  suffi¬ 
cient  energy  to  populate  IF(A')  from  IF(X;v-0)  from  which  a  secondary  02('a) 
collision  could  produce  IF(B). 

In  order  that  02(1A)  pump  IF(X)  to  IF(A'),  IF(X)  must  be  vibrationally 
excited.  If  IF(A' )  has  Te  ~  13,250  cm-1  then  only  IFt(X;v”>9)  can  be  pumped 
to  IF( A' )  by  02(!a)  collisional  transfer.  If  Te  is  higher  then  even  more  IF 
vibrational  excitation  is  needed.  It  seems  reasonable  to  expect  that  IF(A' ) 
can  be  pumped  to  IF(B)  by  an  energy  transfer  collision  from  02 ( 1 A ) .  The 
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Figure  1 .  Energy  level  diagram  of  IF  and  Q0. 

efficiency  of  IF(B)  production  could  critically  depend  upon  the  formation  rate 
of  IF(A').  Indeed,  the  rates  for  IF(A')  formation  could  be  considerably 
different  depending  upon  whether  02(1a)  or  O2 ( 1 H )  is  involved. 

From  these  considerations  one  can  postulate  two  plausible  models  for  IF(3) 
excitation  by  02<1E,1A).  The  first  involves  02(1E)  pumping  of  IF(X,v"»0)  to 
IF( A' )  followed  by  promotion  to  IF(B)  via  an  02(1A)  energy  transfer  collision. 
The  second  possible  mecahnism  would  use  two  02(^a)  molecules.  As  described  in 
subsequent  sections  it  is  well  known  that  the  reactions  F  +  ix  ♦  IF  +  X 
(X  •  I,Cl,Br),  all  partition  energy  into  vibration  of  the  IF(X)  product.  It  is 
energetically  possible  for  02(1A)  to  promote  high  lying  IF(x,v)  to  the  A' 
state.  A  secondary  02(1A)  collision  could  produce  IF(B). 
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Although  no  experimental  evidence  existed  to  support  the  02(*I)  mecha¬ 
nisms,  the  results  of  Whitefield  et  al.  (Ref.  13)  were  consistent  with  the 
IF( X, v)  mechanism.  They  found  that  the  IF(B  +  X)  emission  was  most  intense- 
when  the  three  reactants  were  mixed  at  one  spatial  position  in  the  flow  tube. 
When  the  I2  end  F  were  mixed  upstream  of  the  the  emission  was  much  less 

intense.  This  suggested  that  the  IF  formed  in  the  F  +  I2  reaction  initially 
contained  internal  energy  that  relaxed  before  it  reached  the  02(^A),  (approxi¬ 
mately  10  cm  downstream.)  It  is  likely  that  this  internal  energy  was  parti¬ 
tioned  as  vibrationally  excited  IF  which  we  label  IF+ . 

In  1986  VanBenthem  and  Davis  (Ref.  23)  reported  that  vibrationally  excited 
I2+(X;  33  <  V"  <  44)  is  produced  when  02( ^A)  is  reacted  with  I2.  The  I2f  is 
thought  to  be  an  energy  carrier  in  the  dissociation  of  I2  by  02(1A).  (Inter¬ 
estingly,  I2f  could  also  surmount  the  barrier  of  reaction  (1).)  By  analogy  it 
was  inviting  to  speculate  that  highly  excited  IF(X,  v"  >  9)  could  also  be  util¬ 
ized  by  02(1A)  to  pump  IF(B). 

The  detailed  work  of  Wanner  and  coworkers  (Refs.  24-28)  had  shown  that  IF+ 
is  indeed  produced  in  reactions  between  F  and  I2,  IC1  and  IBr.  For  all  three 
reactions  they  observed  bimodal  vibrational  distributions  in  IF(x).  The  popu¬ 
lation  displayed  a  peak  at  v"  -  0  then  rapidly  diminished  for  v"  t  5.  A  secon¬ 
dary  peak  at  higher  v"  was  also  observed.  Trickl  and  Wanner  (Ref.  26)  also 
showed  that  the  degree  of  internal  vibrational  energy  in  IF(X)  was  highly 
dependent  upon  the  precursors  used  for  IF(X)  production.  They  reported  that 
the  fraction  of  IF*  produced  is  an  order  of  magnitude  greater  using  IC1  and  IBr 
than  for  I2.  They  also  found  (Ref.  27)  that  CF3I  +  F  produces  very  little  IF*. 
For  illustration  some  of  their  results  are  presented  in  Figs.  2  and  3.  If 
vibrationally  excited  IF(X)  is  important  in  the  02( ^A)  pumping  process  then  one 
might  expect  to  observe  significant  differences  in  the  IF(B)  production  effi¬ 
ciencies  for  the  three  iodine  donors:  l2,  IBr,  IC1.  For  example,  based  on  the 
results  of  Ref.  26,  IBr  should  produce  a  significant  enhancement  over  I2.  CF3I 
on  the  other  hand  should  produce  essentially  no  IF*  end  our  proposed  IF*  model 
would  predict  essentially  no  IF(B)  production.  It  was  clear  that  a  systematic 
study  of  IF(B)  production  as  a  function  of  IX  precursor  would  directly  address 
several  aspects  of  the  proposed  02( ^a)  pumping  scheme  that  involved  IF*. 
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Figure  2.  Plot  of  detailed  rata  con¬ 
stants  ,  k„,  for  partitioning 
of  vibrational  energy  in 
IF(  X)  formed  from  F  +  CP-,1. 
Date  taken  from  Ref .  27 


Figure  3.  Plot  of  detailed  rate  con¬ 
stants  ,  k,,,  for  partition¬ 
ing  of  vibrational  energy 
in  IF(X)  formed  from  F+I- 
reactlon.  Data  taken  from 
Ref.  26 


Of  necessity,  the  experimental  program  involved  several  studies  designed 
to  address  key  issues  relevant  to  the  two  models.  The  remainder  of  this  report 
is  previewed  by  briefly  describing  the  major  experiments  associated  with  each 
model. 

The  Oj1!  model  is  summarized  in  Eqs.  (9)  and  (10): 

IF(X,v"-0)  +  02(1S)  ♦  IF(A')  +  02  (9) 

IF(A')  +  02(1A)  +  IF( B)  +  02  (10) 

This  model  was  tested  by  adding  IF(x,v"-0)  to  a  flow  of  02(1E,1a)  and  monitor¬ 
ing  IF( B)  as  a  function  of  [02(1Z)J  at  a  constant  02(1A)  number  density  using 
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chemiluminescence  techniques.  The  [02(1£)J  was  changed  by  adding  species  that 
selectively  quenched  02<^Z)  while  having  no  effect  on  [02(1A)]. 

The  model  involving  IF*  is  described  by  Eqs.  (11)  through  (13): 

IX  +  F  ♦  IF*  +  X  (11) 

IF+  +  02(1A)  +  IF(A')  +  02  (12) 

IF( A* )  +  02(1A)  +  IF( B )  +  02  (13) 

Chemiluminescence  techniques  and  laser  induced  fluorescence  (LIF)  were 
used  to  test  this  mechanism.  The  formation  of  IF*  from  reaction  (11)  was 
confirmed  using  LIF.  Population  distributions  in  IF(X,v)  were  mapped  out,  and 
02(  *A)  was  added  to  the  flow.  The  subsequent  production  of  IF(B)  was  monitored 
using  chemiluminescence  as  a  monitor.  In  this  manner  the  causal  relationship 
between  IF*  and  IF(B)  production  was  demonstrated.  Some  studies  also  probed 
the  dependence  of  IF(B)  production  upon  ((^(^A)]* 

Several  other  miscellaneous  experiments  are  also  described.  These  include 
preliminary  studies  of  IF*  relaxation  by  A r  and  02  and  rotational  temperatures 
in  the  IF*  manifold. 

The  program  consisted  of  two  tasks.  The  first  was  to  examine  whether 
(^(^E)  could  be  used  as  an  IF  excitation  source,  while  the  second  task  examined 
the  mechanistic  role  of  vibrationally  excited  IF(X)  in  the  excitation  of  IF(B) 
by  02*. 

The  remainder  of  this  report  is  arranged  as  follows.  Section  2  describes 
the  chemiluminescence  studies  involving  both  C^Oa)  and  Section  3 

contains  our  LIF  results  with  emphasis  on  IF*.  Section  4  contains  results  of  a 
series  of  other  experiments  including  evidence  of  IF*  relaxation. 
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The  pressure  in  the  flow  tube  was  measured  using  a  Baratron  0  to  100  torr 
capacitance  manometer.  Typical  flow  tube  pressures  ranged  from  0.13  to 
2.5  torr.  Flow  velocities  could  be  varied  from  500  to  5300  cm/s.  The  flow 
velocity  was  determined  using  the  mass  flow  equation: 

v  -  —(f)  ( 14) 

Ap 

where 

f  =  gas  flow  rate  in  number  of  molecules  s-1 
p  =  total  number  density  in  the  flow  tube 
A  =  flow  tube  area 
v  =  bulk  gas  velocity. 

The  term  f  is  measured  with  the  mass  flowmeter  and  p  is  calculated  from  the 
capacitance  manometer  pressure  reading  using  Eq.  (15). 


If  the  total  pressure  in  the  flow  tube  is  PT(torr)  at  temperature  T(K) , 
then  the  number  density  of  reactant  i  is  given  by: 


(  15) 


where  f^  -  flow  rate  of  reactant  i,  Efi  total  flow  rate  of  all  reactants  in 
flow  tube,  Nq  is  Avogadro's  number,  and  R  is  the  gas  constant. 


Two  configurations  were  used  during  the  current  program.  For  the  chemi¬ 
luminescence  studies,  emissions  from  and  IF(B)  were  monitored  with  a  0.3m 

McPherson  monochromator  and  a  Hamamatsu  (R943-02)  GaAs  PMT.  Imaging  of  the 
chemiluminescence  radiation  was  accomplished  with  a  single  lens  that  provided 
one  to  one  imaging  with  an  f  number  of  5.3  (equivalent  to  that  of  the 
monochromator) . 


The  Ojt1!)  was  produced  by  passing  a  flow  of  Ar/02  through  a  microwave 
cavity  as  shown  in  Fig.  4.  Detection  of  02<1E)  was  accomplished  by  monitoring 
the  b^+X  ^E  system  at  760  nm. 
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Reactions  (16)  and  (17)  were  used  to  produce  IF(X). 
k16 

CF3I  +  F  I  IF  +  CF3  (16) 

k17 

I  +  F  ♦  IF  +  I  (17) 

2 

Although  both  reactions  are  fast,  (k16  -  (1.2  ±  0.6)  x  10-10  cm3 
molecule-1  s-1)  (Ref.  27)  and  (k17  -  (4.3  ±  1.1)  x  10-10  cm3-molecule- 1  s-1) 
(Ref.  29)  they  are  known  to  produce  drastically  different  vibrational 
distributions  of  IF(X;v).  Detailed  molecular  beam  work  (Refs.  26,27)  demon¬ 
strated  that  the  vibrational  distribution  from  reaction  (16)  is  Boltzmann  in 
nature  while  reaction  (17)  produces  a  bimodal  distribution. 

2.2  PRELIMINARY  INVESTIGATIONS 

2.2.1  O^E  quenching  studies — One  can  investigate  the  potential  role  of 
02<1E)  as  a  pump  source  by  studying  the  behavior  of  [IF(B)J  as  a  function  of 
[02(1E)].  In  the  initial  studies,  a  quencher  gas  was  added  to  the  02(1£)  flow 
and  monitored  the  chemiluminescence  originating  from  both  02(1E)  and  IF(B). 
Since  the  radiative  lifetime  (Ref.  1)  of  IF(B)  is  ~7  x  10-6s  it  radiates 
essentially  instantaneously  in  the  viewing  region.  As  a  result  any  [ iF(B) ] 
produced  from  excitation  by  O^E  is  in  steady  state  with  respect  to  021E. 

For  these  quenching  investigations  IF(X)  was  prepared  in  a  sidearm  by 
reacting  F  +  CF3I  with  F  in  excess.  The  F  atoms  were  produced  by  a  microwave 
discharge  of  a  CF4/He  flow.  The  discharge  conditions  were  identical  to  those 
used  in  a  previous  program  (Ref.  17).  Under  these  conditions  the  IF(X)  flow 
was  equal  to  the  CF3I  flow.  The  ground  state  IF  molecules  flowed  from  the 
sidearm  into  the  flow  tube  through  a  1-cm-dia  injector.  When  produced  in 
this  manner  the  IF(X)  is  expected  to  be  vibrationally  cold  when  it  enters  the 


For  the  present  study  two  quenching  gases  were  used:  H2  and  CO2.  The 
chemiluminescence  intensities  of  both  the  o2(b+X)  and  IF(B+X)  systems  were 
monitored  as  a  function  of  added  quencher  gas.  In  these  experiments  a  fixed 
port  injector  for  the  (^(^E)  quencher  was  used.  Knowledge  of  the  distance  (D) 
between  the  quenching  gas  injector  to  the  observation  port  and  the  bulk  gas 
velocity  (v)  determined  from  Eq.  (14)  allows  determination  of  the  reaction 
time  t  -  D/v.  Under  pseudo  first  order  conditions  with  the  quencher  gas  in 
large  excess,  a  kinetic  analysis  yields  a  working  equation  for  determining  the 
quenching  rate  coefficient: 


A  (in 


°2< 


’e>) 


A  ( [Q] ) 


© 


(18) 


where  [Q]  is  the  concentration  of  the  quenching  species  and  1  1  is  the 

02I  LI 

intensity  of  the  (^(b^I+X^E)  emission.  Some  correction  to  this  equation  is 
required  to  account  for  imperfect  radial  mixing  at  the  injector;  however,  this 
was  minimal  under  the  experimental  conditions  used. 


A  typical  plot  of  In  Iq  versus  [C02]  is  shown  in  Fig.  5.  Also  shown 

is  the  corresponding  plot  for  [IF(B)].  It  is  clear  that  the  decay  of  [IF(B)] 
is  essentially  identical  to  that  for  [02< 1 E ) J -  This  implies  that  02(1E)  is 
likely  involved  in  IF(B)  excitation  when  vibrationally  cold  lF(x)  is  mixed 
with  02(*E).  The  rate  for  quenching  of  02( *E)  by  C02  determined  from  the  data 
in  Fig.  8  is  k  »  3.6  x  10“13  cm3-molecule_1 -s”1 .  This  agrees  with  measure¬ 
ments  reported  in  a  review  by  Setser  and  coworkers  (Ref.  30). 


A  similar  study  was  completed  using  H2  as  a  quencher.  A  typical  plot  for 
these  runs  is  shown  in  Fig.  6.  An  initial  rapid  depletion  of  IF(B)  was  noted 
at  low  [H2]  followed  by  a  decay  that  approaches  the  slope  of  the  ln[o21E] 
versus  [H2]  plot.  The  reason  for  the  bimodal  curve  of  [IF(B>]  versus  [ H2 ]  is 
not  presently  understood.  However,  the  possibility  exists  that  some  unreacted 
F  and  CF3I  entered  the  flow  tube  from  the  IF(X)  sidearm  generator.  If  this 
occurred  then  some  IF(X)  could  be  generated  in  the  flow  tube.  The  rapid 
H2  +  F  reaction  could  consume  F  and  therefore  deplete  the  [IF(X)J  which  would 
in  turn  give  rise  to  a  smaller  [IF(B)]. 
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Figure  5.  Dependence  of  relative  [0->(*E)]  and  [IF(B)j  upon  added  [CO?]: 
e  -  0,(  ,  -  IF{ B)  .  ' 

The  [ IF( B) ]  decay  at  higher  [H2]  does  approach  the  slope  for  02 ( 1 C ) 
quenching  by  H2.  The  initial  results  for  H2  quenching  of  02(1r)  yields  a 
quenching  rate  of  ~8  x  10“^  cm^-molecule“^-s-^ .  This  is  also  in  reasonable 
agreement  with  the  recent  review  (Ref.  30)  and  with  the  results  of  Ref.  31. 

2.2.2  IF( B)  Excitation  Studies— The  C02  and  H2  quenching  studies  (while 
not  yet  conclusive)  were  strongly  suggestive  that  o2^E  is  directly  involved  in 
pumping  vibrationally  cold  IF(X).  However,  additional  chemiluminescence 
experiments  indicated  that  there  is  a  second  mechanism  that  produces  much 
greater  concentrations  of  IF(B). 
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CH2 ]  (10i4  molecules/cm'3) 

Figure  6.  Dependence  of  relative  [Opt1;)]  and  [IF(B)j  upon  added  [H?] : 
o  -  0o( *£);  S  -  IF(B) . 

For  these  additional  chemiluminescence  studies  the  CF31  +  F  sidearm 
injector  was  removed  and  the  XF(X)  was  formed  directly  in  the  flow  tube  using 
two  injectors  as  shown  in  Fig.  7.  This  arrangement  was  used  so  that  we  might 
observe  any  participation  of  IFt(X;v>,  produced  from  the  I2  +  F  reaction,  in 
the  pumping  of  IF(B). 


The  F  atom  injector  and  02*  injectors  were  fixed  while  the  ix  (X  -  CF3,I) 
injector  was  movable.  This  allowed  the  reaction  time  between  IF(X)  formation 
and  observation  of  IF(B)  to  be  varied.  The  I2  flow  rate  was  determined  by  an 
absorption  technique  described  in  Ref.  13.  Several  experiments  were  run  in 
this  configuration  and  the  results  are  summarized  in  the  following 
paragraphs. 


DISC  P.C.  REC 


Figure  7.  Flow  tube  conf iguratlon  used  for  0-?*  -  IF  excitation  studies. 

A  typical  scan  of  the  IF(B+X}  and  02(b+X)  chemiluminescence  spectra  is 
shown  in  Fig.  8.  A  comparison  of  the  IF<B->-X)q_4  chemiluminescence  intensities 
produced  using  both  CF3I  and  I2  as  iodine  donors  are  shown  in  Figure  9.  The 
temporal  profiles  and  the  Intensities  of  IF(B+X)  emissions  are  strikingly  dif¬ 
ferent  for  the  two  cases.  The  [IF(B>]  profile  originating  from  CF3I  +  F  +  02* 
is  much  flatter  and  at  least  two  orders  of  magnitude  smaller  than  that  origi¬ 
nating  from  I2  +  F  *  02*.  (The  signal  growth  at  short  reaction  times  ~0.5  ms 
is  ascribed  to  mixing.)  Although  difficult  to  discern  from  the  plots  shown  in 
Fig.  9,  the  chemiluminescence  Intensity  from  the  I2  +  F  +  02*  reaction  was 
only  a  factor  of  2  greater  than  that  from  the  CF3I  +  F  +  02*  reaction  at  long 
times  (>5  me).  Thus,  at  long  reaction  times,  subsequent  to  removal  of  IFf, 
the  two  reaction  schemes  appear  to  give  comparable  [IF(B)]. 
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Figure  8.  Spectral  scan  showing  chemiluminescence  from  IF(B-»X)  and 
Oo(b-»-x)  ay  a  tern.  (Spectra  are  uncorrected  for  spectral 
response.)  Total  flow  tube  pressure  1.2  torr 

These  observations  are  consistent  with  vibrationally  hot  IF(X)  being 
involved  in  the  excitation  process.  As  described  previously,  the  vibrational 
distribution  produced  fron  F  +  I2  is  bimodal  while  CF^I  +  F  produced  a  much 
more  thermal  distribution.  One  indeed  expects  larger  [IF*]  at  early  reaction 
times  since  V-T  relaxation  will  occur  and  reduce  [IF*].  For  the  data  shown  in 
Fig.  9,  the  total  pressure  in  the  flow  tube  was  1.2  torr  and  some  V-T  relaxa¬ 
tion  will  almost  certainly  occur  at  these  pressures. 

The  initial  interpretation  of  the  data  shown  in  Fig.  9  was  that  IF*  pro¬ 
duced  by  reaction  (17)  is  pumped  by  02*  to  IF(B)  much  more  efficiently  than  is 
the  cold  IF( X)  produced  from  reaction  (16).  At  longer  reaction  times  IF*  is 
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Figure  9.  Temporal  profiles  of  IF(  B-»X)  n-^i  intensities  using  CF^I  and  I? 
as  iodine  donors. 

relaxed,  the  excitation  of  XF(B)  becomes  much  less  efficient.  When  IF1,  is 
totally  relaxed  one  would  expect  the  excitation  process  to  be  identical  to 
that  using  CF3I . 

Next  are  described  a  series  of  more  detailed  experiments  that  were  per¬ 
formed  to  delineate  more  clearly  the  roles  of  02('e)  and  02(1A)  in  the  1F(B) 
excitation  process. 

2.3  C^E  STUDIES 

2.3.1  Apparatus— In  the  previous  paragraph  some  preliminary  measurements 
were  discussed  that  indicated  that  O^'e)  was  involved  in  IF(B)  production 
when  vibrationally  cold  IF(X)  was  injected  into  a  stream  of  C^Ma^E).  From 
quenching  studies  we  showed  that  as  02('E)  was  removed,  the  IF(B)  concentra¬ 
tion  was  concommitantly  reduced,  in  these  early  experiments,  however,  we  had 
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[ I F ( B ) ]0-4  (kHz) 


no  monitor  for  02(1A)  and  could  not  be  certain  that  its  concentration  was 
unaffected  by  the  02(1E)  quencher  gas.  Therefore,  an  intrinsic  germanium 
detector  (Applied  Detector  Corporation  Model  403)  was  installed  to  monitor  the 
02(1A  ♦  3I)  band  at  1.26  ym.  The  detector  was  mounted  onto  an  Acton  Research 
0.2m  monochromator  equipped  with  a  holographic  300  groove s/mm  grating.  We  can 
easily  discriminate  the  02(1A  ♦  3S)  bands  at  1.26m  from  the  intense  atomic 
iodine  line  at  1.315  With  this  apparatus  upgrade,  we  could  simultaneously 

monitor  emissions  from  IF(B) ,  02(1E),  02(1A),  and  I*.  The  entire  flow  tube 
apparatus  including  the  described  changes  is  shown  in  Fig.  10. 
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Figure  10.  Bloch  diagram  of  apparatus. 

The  chemiluminescence  data  were  recorded  on  an  IBM-PC  microcomputer  using 
the  lab  Tech  Notebook®  software  package.  The  digitized  data  were  then  ana¬ 
lyzed  using  a  spectral  fitting  routine.  For  these  runs,  the  relative  spectral 
response  of  the  visible  detection  system  was  measured  using  a  spectral  irradi- 
ance  lamp.  The  response  function  was  put  on  an  absolute  basis  using  the  well 
known  0  +  NO  titration  technique  (Ref.  32). 
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The  infrared  detection  system  was  calibrated  by  recording  a  blackbody 
spectrum  on  both  the  visible  and  infrared  detection  systems.  The  response  of 
the  infrared  system  was  normalized  to  that  of  the  visible  detection  system  at 
800  nm.  This  put  the  infrared  system  on  an  absolute  basis.  The  relative 
response  at  1.26  ym  was  then  determined  by  observing  the  blackbody  source  at 
both  800  and  1260  nm. 

To  analyze  the  data,  it  is  first  transferred  onto  the  microVAX  system. 

The  fitting  of  molecular  band  systems  to  the  experimental  spectra  is  then  done 
in  three  steps.  First,  a  high  resolution  spectrum  covering  the  wavelength 
range  and  vibrational  levels  needed  is  generated  by  calculating  the  emission 
intensities  and  line  positions  for  a  given  molecular  system.  Second,  vibra¬ 
tional  basis  sets  are  generated  by  passing  an  appropriate  slit  function  over 
the  high  resolution  spectrum.  Finally,  after  the  data  are  corrected  for 
instrument  response  and  an  average  background  intensity  is  subtracted,  a  least 
squares  fit  of  the  experimental  data  to  the  basis  functions  is  calculated. 

A  sample  spectrum  and  fit  are  shown  in  Fig.  11,  Since  the  detector 
response  function  is  also  digitized  and  used  in  the  spectral  fitting  routine, 
the  data  displayed  in  Fig.  11  are  detector-response-function  corrected.  It  is 
obvious  from  Fig.  11  that  the  IF(X;v"  ■  0)  +  O2*  produces  hot  bands  of  IF(B). 
In  Fig.  12  we  show  the  vibrational  distribution  for  IF(B)  determined  from  data 
similar  to  those  in  Fig.  11.  The  non-Boltzmann  distribution  with  a  peak  near 
v'»7  is  consistent  with  the  previous  work  of  Whitefield  et  al.  (Ref.  13).  The 
present  feeling  is  that  this  distribution  results  from  selective  pumping  of 
high  vibrational  levels  of  IF(B)  via  possibly  from  IF(A'). 

2.3.2  Results  of  Studies — These  experiments  were  similar  to  the 

02<1E)  quenching  studies.  The  IF(X)  source  was  the  I2  +  F  reaction  so  that 
the  role  of  IF*  could  be  studied.  To  determine  the  importance  of  o2(,E)  in 
the  pumping  process  we  wish  to  vary  [02(1E)]  while  keeping  [O2 ( 1 A ) ]  constant. 
Several  approaches  were  tried  and  found  two  techniques  that  allow  the  desired 
variation  of  [02<*E)].  One  was  to  use  a  quencher  gas  specific  to 
Although  several  possible  choices  exist,  CO2  was  used.  Sources  containing 
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Figure  11.  IF(B-»X)  chemiluminescence  from  O-?*  excitation.  IF(X)  was  formed 
using  CF3I  ♦  F  reaction.  Total  pressure  was  0.602  Torr.  Thin 
line  represents  measured  spectrum  and  thick  line  is  the  spectral 
fit 


hydrogen,  e.g.  H2,  cause  complications  because  of  the  presence  of  F  atoms  used 
to  form  IF(X) .  Carbon  dioxide  eliminates  these  problems. 

It  was  found  that  the  amount  of  02( 1  £ )  reaching  the  optical  detection 
port  could  be  varied  by  changing  the  flow  of  Ar  in  the  Ar/02  discharge  side- 
arm.  As  less  argon  is  added,  [02(1E)j  is  reduced;  and  presumably  more  wall 
collisions  occur  within  the  discharge  tube. 

The  most  reproducible  [02{1j)]  variations  were  obtained  using  the  C02 
quencher,  and  most  of  the  studies  were  performed  using  this  technique.  The 
experimental  arrangement  is  shown  in  Fig.  10.  The  IF(X)  was  formed  in  the 


22 


VIBRATIONAL  LEVEL  (v') 

A- 43 18 

Figure  1 2 .  Vibrational  distributions  of  IF(B)  for  two  [Q?(^E)]« 
o  -  [02{ 1 E) ]  -  3.1  x  lb  1*  molecules-cm“3, 

•  -  [02(1e)J  -  2.7  x  1012  molecules-cm“3 
Total  pressure  »  0.802  Torr. 

flow  of  02*  and  the  distance  (i.e.,  reaction  time)  from  IF(x)  formation  to  the 
observation  port  could  be  varied.  The  runs  consisted  of  measuring  emission 
intensities  from  IF(B),  02(1E),  and  02(*&)  as  a  function  of  [C02]  added. 

Two  sets  of  data  are  shown  in  Fig.  12.  The  solid  data  points  were 
obtained  with  the  I2  injector  15  cm  (8.2  ms)  from  the  observation  port.  As 
will  be  shown  in  Section  4,  when  the  reaction  time  is  ~8  ms,  considerable 
relaxation  of  high  v"  levels  in  IF(X)  has  occurred.  Thus,  the  solid  data 
points  represent  excitation  from  a  somewhat  vibrationally  relaxed  IF(X) 
distribution  and  is  similar  in  behavior  to  cold  IF(X)  produced  from  the 
CF3I  +  F  reaction. 
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Figure  13.  Plota  of  [IF(B) ]rn  /[IF(B) Jrn^-n  versus  CO?  flow  rata  for  two 

reaction  times;  o-  reaction  time  ■  8.2  ma,  e  -  reaction  time  » 
1.0  ma.  Total  preaaure  waa  1.53  Torr. 

In  contrast  when  the  reaction  time  waa  ~1  ma,  the  results  represented  by 
the  solid  circles  in  Fig.  13  were  obtained.  The  [IF(B)]  actually  increased  as 
CO2  was  added.  The  dependencies  o£  [ I F(  B )  ]  upon  [02(1DJ  for  these  two  cases 
are  more  graphically  illustrated  in  Figs.  14  and  15.  In  Fig.  14,  emission 
from  [IF(B;v'«0]  is  shown  as  a  function  of  [02(1E)]  for  a  long  reaction  time 
(9  ma ) . 

In  Fig.  15,  similar  data  as  shown  for  the  short  reaction  time  case,  i.e., 
maximum  [IF*].  The  behavior  is  strikingly  different  from  the  data  in  Fig.  14. 
The  [ IF( B) ]  is  essentially  independent  of  [02('e)]  end  actually  gets  larger  as 
ia  removed.  Clearly,  when  IF*  is  used,  02 < 1 E )  is  not  required  as  an 
excitation  source.  It  waa  concluded  that  02(1A)  is  responsible  for  the  IF(B) 
excitation  when  IF*  is  present. 


CIF(B)Do»4  (Hz) 


Total  pressure  was  1.5  Torr. 


We  emphasize  that  in  Fig.  13  the  ratio  of  [IF(B)]  with  C02  present  to 
[ IF( B) ]  with  COj  *  0  is  plotted.  The  actual  [IF(B)}  for  long  reaction  times 
is  approximately  two  orders  of  magnitude  less  than  that  for  short  reaction 
times.  This  implies  that  the  [IF(B)]  excitation  involving  O^E)  is  less 
efficient  than  the  pumping  by  O^^A)  at  least  under  these  conditions. 

2,4  02(,A)  STUDIES 

If  Ojj^A)  is  a  significant  excitation  source  for  IF(B)  a  simplified  model 
can  be  constructed  to  predict  the  expected  behavior  of  [IF(B)J  with  respect  to 
(O^t^A)].  The  model  is  illustrated  in  Fig.  16.  Excitation  from  IF*  to  IF(A') 
is  presumed  to  take  place  via  02(1A)  energy  transfer.  Whitefield  et  al. 
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Figure  15.  Dependence  of  ClF(B)]  upon  [Oo ( 1  £ ) ]  at  a  reaction  time  of  1.0  ms. 
Total  pressure  -  1.53  Torr. 

(Ref.  13)  had  previously  estimated  T9  s  13,500  cm**1  for  IF(A').  However,  this 
value  was  obtained  from  indirect  evidence.  Recently  Heaven  (Ref.  22)  has 
reported  LIF  excitation  results  for  the  IF(A'+x)  system  in  an  Ar  matrix. 
Results  show  that  Te(A* )  -  13,250  cm~ *  in  the  matrix.  The  estimated  gas  phase 
value  is  T€  -  13,490  cm"1.  The  small  matrix  shift  was  determined  from  compar¬ 
ison  to  the  excitation  spectra  for  IF(B+X)  in  both  a  matrix  and  in  the  gas 
phase  (Ref.  22). 

Now  that  we  have  a  much  more  accurate  Te(A' )  the  implications  of  the 
model  in  Fig.  16  can  be  considered.  The  important  processes  are  described  by 
reactions  (19)  through  (24). 
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Figure 


16.  Energy  levels  of  IF  and  0?  showing  state a  relevant  to 
model  described  by  reactions  (19)  *  (24). 

k19 

IF*  +  02(1A)  ♦  IF( A* )  +  02(3I) 

Av  +x 

IF(  A'  )  ♦  IF(  X)  ♦  hv 

k21 

IF(  A*  )  ♦  M  IF(X)  *  M 
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(22) 


The  following  sets  of  experiments  were  completed  to  test  this  hypothesis. 
We  needed  to  vary  [02(^a)]  in  a  systematic  way  which  turned  out  to  be  a  for¬ 
midable  task.  Initially  an  attempt  was  made  to  vary  [02(1A)]  simply  by  chang¬ 
ing  the  microwave  discharge  power  at  a  constant  O2  flow  rate.  The  dynamic 
range  of  [O2 ( ^ A ) 1  obtained  was  disappointingly  small  (approximately  a 
factor  of  2).  In  addition,  instabilities  in  the  discharge  at  low  microwave 
powers  were  severe.  This  technique  was  disregarded  and  an  attempt  was  made  to 
vary  [02 ( 1 A ) ]  by  changing  the  flow  rate  of  02  through  the  discharge  cavity. 
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Using  this  method,  [ O2 ( 1 A ) J  was  varied  by  at  least  a  factor  of  5.  An 
initial  nonlinear  increase  was  observed  in  [IF(B)],  but  it  appeared  to  reach  a 
limiting  value.  The  probable  cause  for  this  is  that  [IF(B>]  was  being 
quenched  by  ground  state  02  at  the  higher  02  flow  rates.  Wolf  and  Davis 
(Ref.  6)  have  previously  shown  that  ground  state  02  is  a  quencher  of  [IF(B)J 
with  kg  -  1.4  x  10-'2  cm3  molecule-'  s-1. 

To  circumvent  this  problem  the  02  flow  was  split  prior  to  the  discharge 
tube.  Part  of  the  02  flow  was  injected  directly  into  the  flow  tube  and  the 
remainder  passed  through  the  discharge  tube.  By  changing  the  fraction  of  02 
passing  through  the  discharge  tube  at  a  constant  02  flow  rate  the  1 02 ( 1 A >  3 
could  be  varied  independent  of  the  total  [02].  This  was  expected  to  minimize 
the  effects  of  oxygen  quenching  of  IF(B).  Sample  data  are  presented  in 
Fig.  17. 


Figure  17.  Plot  of  [IF(B)3  as  a  function  of  [Oq(^a)].  Total  pressure  was 
1 .53  Torr 
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]  (10^  molecules  cm~3) 


The  dependence  of  [IF(B)J  upon  [O^C^Al]  ia  clearly  nonlinear  over  Che  entire 
dynamic  range  of  In  Fig.  18,  [ X F ( B ) ]  is  plotted  aa  a  function  of 

[02<tA)l^<  The  linearity  ia  obvious  and  ahowa  that  under  these  conditions 
[TF(B)  ]  does  scale  as  [Oj^A)]^  consistent  with  the  simple  model  hypothesized 
above.  To  our  knowledge  this  is  the  first  such  direct  evidence  of  stepwise 
excitation  of  IF(B)  by  02< 1 A ) • 


Figure  18.  Plot  of  [IF(B)j  versus  [0?( ^A) Data  taken  from  Fig.  17 

This  behavior  is  contrasted  with  the  data  in  Fig.  14  which  shows  [IF(B)] 
scaling  linearly  with  £  O2  < 1 S )  J  •  Promotion  of  [IF(x;v"*»0)  ]  to  IF(A' )  by  C^^E) 
would  be  expected  to  require  only  one  02(1E). 

During  these  runs  an  interesting  and  significant  phenomenon  was  observed. 
To  insure  that  (^(^E)  effects  were  minimal  we  added  CO2  as  a  quencher.  At  the 
highest  CO2  flows  we  reduced  [(^(^E)]  by  a  factor  of  40.  However,  we  noted  a 
simultaneous  approximate  10  percent  increase  in  £02 ( T A ) ] -  Since  a  microwave 
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discharge  typically  produces  [02< 1 S ) ]/[ 02< 1 A ) )  =  0.10,  the  implication  is  that 
C02  quenches  02 ( 1 E )  to  02(1A).  Note  that  the  10  percent  increase  in  [02(1a)3 
was  accompanied  by  a  20  percent  increase  in  [IF(B)J.  The  C02  quenching  of 
02(l£)  to  02(1&}  is  the  probable  explanation  of  the  behavior  in  Fig.  13.  Note 
that  the  data  presented  in  Fig.  17  and  18  were  obtained  with  the  02(1E) 
removed  using  C02  as  a  quencher  gas. 


2.5  ESTIMATION  OF  RATE  COEFFICIENTS 

As  described  earlier,  the  goals  of  this  program  were  to  determine  the 
mechanisms  of  IF(B)  production  by  02{1A,1£).  Chemiluminescence  studies  pro¬ 
vided  some  data  that  can  be  used  to  obtain  preliminary  estimates  for  rate 
coefficients  of  critical  processes.  In  the  following  two  sections  these 
results  are  described.  The  derived  values  are  only  estimates  and  a  systematic 
kinetic  rate  constant  measurement  program  would  be  required  to  obtain  reliable 
rate  coefficients. 

2.5.1  O-^E  +  IF — As  described  earlier  the  02(1E)  model  is  given  by 
Eqs.  (9),  (10),  and  (21)  through  (24). 


IF  +  02(1E)  -*■  IF( A'  )  +  02  (9) 

IF(A')  ♦  02(1E)  *  IF( B)  +  02  (10) 

IF( A* )  ♦  IF  +  hv  (20) 

IF( A‘  )  +  M  +  IF  +  M  (21 ) 

IF(A')  +  02(1A)  +  IF( B)  +  02(3I)  (22) 

IF( B)  +  M  IF  +  M  (23) 

IF(B)  +  IF  +  hv  (24) 


Under  the  experimental  conditions,  k22[M]  can  be  neglected  and  process  10 
can  cause  predissociation. 

If  IF(A' )  is  in  steady  state  then  the  photon  emission  rate  for  IF(B)  is 
given  by  Eq.  (28). 
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(28) 


k  (IF(B)]  -  k  [O  ( 1 Z )  1  [IF]  - — - - - : - 

(k20  +  k2,W  +  k22[(°2V)) 

The  expression  that  multiplies  kg[o2(  *Z)  ][IF]  i.,  the  branching  ratio  of 
IF(A')  excitation  to  IF(B)  to  total  IF(A')  removal.  If  ve  assume  that  this 
branching  ratio  is  unity  we  can  estimate  a  lower  limit  for  kg.  In  this  limit 
Gq.  (28)  becomes 


(IF(B) ] 
C24  [IF] 


V°2< 


A  plot  of  [IF(B) ]  versus  [02(,Z)]  is  shown  in  Fig.  14.  For  the  data  presented 
in  Fig.  14  the  initial  I2  concentration  was  approximately  2.5  x  1012 
molecules  cm”3.  Thus,  [IF(X)J  <  2.5  x  1012  molecules  cm”3.  From  this  run  we 
estimate  k.g  >  1.7  x  lO”1^  cm3  molecule-1  s”1.  We  emphasize  that  this  is  a 
lower  limit  estimate.  However  when  one  considers  that  Te(lF(A* ))  =  12490  cm”1 
and  Te(021S)  »  13195  cm”1  a  slow  excitation  rate  coefficient  is  not  unreason¬ 
able  at  room  temperature.  Clearly  a  more  systematic  study  of  the  excitation 
of  IF( B)  using  02(1E)  is  required  to  accurately  determine  kg. 


2.5.2  Cb^A)  +  IF— Although  time  permitted  only  a  few  studies  to  be 
completed,  the  data  presented  in  Fig.  18  can  be  used  to  provide  estimates  of 
the  IF( B)  excitation  rate  coefficients  by  02(1A).  Examination  of  Eq.  (27) 
shows  that  a  plot  of  [IF(B)J  versus  [ 02 ( 1 A ) ] 2  yields  a  slope: 


k19k22111’'1 


(Vx  *  k23W1>(AA'.X  *  *2,IM1  *  k22102(  *>» 


Not  all  of  the  terms  in  the  demoninator  are  known.  However,  if  one  assumes 
that  the  rate  coefficients  for  quenching  of  IF(A‘ )  by  02  and  Ar  are  identical 
to  those  for  IF(B) ,  then  a  crude  estimate  for  the  product  k19k22  can  be 
obtained.  A  radiative  lifetime  of  1 1  ms  extrapolated  from  the  Ar  matrix  value 
is  used  for  the  IF(A' )  state  (Ref.  22).  The  plot  shown  in  Fig.  18  is  linear 
with  respect  to  [02(1^)2].  Thus,  under  these  conditions  [k22o2(1^)]  jS 

apparently  much  less  than  (A^i+x  +  k2j[M]),  so  this  term  is  neglected.  Also 
k23[M]  can  be  neglected  with  respect  to  AB>X. 
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The  slope  of  the  plot  In  Fig.  18  gives 


A[IF(B,v-0)) 

a[o2(1a)]2 


-21  3  -1 

1.96  10  cm  molecule 


Inserting  the  number  densities  for  02f  O2OA)  and  Ar  we  find 
**19^22 1 ]  ~  4.25  x  10-13  cm3  molecule-!  s-2 


Although  [IF^]  £S  uncertain,  the  I2  number  density  in  the  flow  tube  in 
the  absence  of  F  atoms  would  be  2.5  x  10*-2  cm-^  for  the  run  shown  in  Fig.  18. 
If  we  assume  approximately  50  percent  of  the  I2  is  converted  to  IF^  at  the 
point  of  an  observation,  then  the  product  ^19^22  ~  3.4  x  lO-2^  cm6  molecule-2 
s“2.  The  validity  of  the  assumption  of  l IF^ ]  could  not  be  experimentally 
verified,  but  the  ratio  [IF^ ]/ [IF]  ~  0.5  is  consistent  with  the  LIF  observa¬ 
tions.  We  anticipate  that  [IF^l  is  actually  less  than  the  above  estimate. 

This  would  imply  that  kjgk22  >  3  x  10~2^  cm^  molecule-2  s-2.  In  addition, 
this  estimate  is  for  production  of  IF(B,v'«0).  Under  these  conditions  we  find 
[ I F( B ) ]  ~  3[IF(B,v'-0) ] .  Thus  for  [IF(B)]»  k^9k22  ^  1  x  10-2^  cm6  molecule-2 
s-2.  This  value  should  be  considered  to  be  only  preliminary  since  some  of  the 
rate  coefficients  used  in  its  derivation  were  estimated  and  not  measured. 


2.6  OTHER  EXPERIMENTS 


Some  preliminary  chemiluminescence  investigations  have  been  made  using 
IC1  as  the  iodine  donor.  A  problem  was  encountered  in  that  IC1  seemed  to 
attack  the  stainless  steel  preparation  and  delivery  lines  readily.  The  lines 
were  replaced  with  Teflon  tubing.  Using  IC1  we  have  observed  IF(B+X)  emission 
excited  by  O2*.  A  sample  spectrum  and  fit  are  shown  in  Fig.  19.  In  Fig.  20 
the  dependence  of  [IF(B)]  upon  [IC1]  at  constant  [O2*].  Also  shown  is  a 
similar  plot  using  I2  as  a  iodine  source.  Both  plots  are  linear  although  the 
12  source  seems  to  be  much  more  favorable  for  IF(B)  production.  Examination 
of  the  molecular  beam  work  of  Trickl  and  Wanner  (Ref.  26)  shows  that  the 
I Cl  +  F  reaction  produces  essentially  no  IF*  with  v">9.  The  energy  gap 
between  IF(X;v"*8)  and  IF(A' ;v”*0)  is  at  least  8240  cm”!  which  is  considerably 
greater  than  the  energy  of  02<!a)  (Te  =  7882  cm-1). 
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NORMALIZED  INTENSITY 


WAVELENGTH  (nm) 

Figure  19.  Chemiluminescence  from  XF(B-»X)  produced  by  o0*  pumping  of  IF(X) 
formed  from  F  +  IC1.  Thin  line  is  data,  thick  line  is  spectral 
fit.  Total  pressure  was  0.95  Torr. 

Thus,  promotion  of  IF(X;v"«8)  to  IF(A')  via  pumping  is  almost  certainly 

endothermic  at  room  temperature;  therefore,  the  rate  coefficient  at  room 
temperature  is  expected  to  be  slow.  As  a  consequence  XC1  would  appear  to  be  a 
poor  choice  for  an  IF*  source.  This  was  verified,  as  seen  in  the  next  section 
which  describes  laser  induced  fluorescence  results.  These  experiments 
confirmed  the  importance  of  IF^  in  the  excitation  of  IF(B)  that  was 
hypothesized  from  the  chemiluminescence  results  presented  in  the  previous 
paragraphs. 
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Figure  20 


3.  LASER  INDUCED  FLUORESCENCE  STUDIES 


3 . 1  INTRODUCTION 


3.1.1  LIF  apparatus— Laser  induced  fluorescence  experiments  were 
performed  using  a  nitrogen- laser  pumped  dye  laser  system  consisting  of  a 
Molectron  UV14  nitrogen  laser  and  a  Molectron  DL-200  dye  laser.  The  laser  has 
a  repetition  rate  of  20  Hz  and  a  pulse  width  of  10  ns.  Several  laser  dyes 
were  used  to  generate  the  large  excitation  wavelength  range  needed  in  these 
experiments.  The  dyes  used,  their  lasing  wavelength  regions,  and  the  v" 
levels  probed  are  given  in  Table  1. 

TABLE  1.  Summary  of  v"  Levels  Probed. 


Dye 

Wavelength 
Region,  nm 

v"  Observed 

Coumarin  460 

453  -  467 

0,1 

Coumarin  480 

467  -  485 

0,1,2 

Coumarin  500 

485  -  535 

0,1,2 

Rhodamine  590 

575  -  600 

5.6,7 

Rhodamine  6 1 0 

600  -  630 

6, 7, 8, 9 

Rhodamine  640 

620  -  665 

7,8,9,10 

Rhodamine  640  +  LD700 

655  -  690 

9,10,11,12,13,14 

Rhodamine  640  +  LD700 

706  -  735 

9,10,11 ,12,13,14 

To  bring  the  laser  to  the  flow  tube,  the  beam  was  first  raised  through  a 
two  mirror  periscope  and  t.;  an  turned  into  the  flow  tube  by  a  90  deg  prism. 

The  laser  beam  was  passed  through  an  iris  to  eliminate  off  axis  background 
fluorescence  from  the  laser.  A  15  cm  focal  length  lens  was  used  to  focus  the 
laser  into  the  flow  tube  through  a  Brewster  window  (Figs.  21  and  22).  A  laser 
precision  energy  meter  (Model  RK3230)  was  used  to  monitor  the  power.  Laser 
power  at  the  flow  tube  varied  from  20  to  70  yj/ pulse  depending  on  the  dye. 
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Figure  2 1 .  Block  diagram  of  apparatus  used  for  LIF  studies.  Flow  tube 
reactor  showing  axial  cross  injector 


DISC  P.C.  REC 


Figure  22.  Flow  tube  reactor  showing  new  loop  injector. 
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The  LIF  signal  was  detected  using  a  Hamamatsu  R955  photomultiplier  tube. 
Bandpass  filters  were  used  to  remove  scattered  laser  light  from  the  signal. 

The  two  filters  used  were  500  ±  20  nm  and  760  ±  5  nm.  A  PAR  Model  160  boxcar 
signal  averager  was  incorporated  to  analyze  the  signal,  which  was  then 
recorded  on  a  Soltec  chart  recorder.  Excitation  spectra  were  also  recorded 
using  the  laboratory  microcomputer  as  described  previously. 

3.1.2  Flow  tube  apparatus— To  permit  more  flexibility  in  the  flow  tube 
appratus  the  IX  sample  sliding  injector  design  was  modified  from  that  used  in 
the  initial  chemiluminescence  experiments.  The  original  design  consisted  of  a 
Pyrex  cross  injector  (Fig.  21).  The  sliding  tube  through  which  the  ix 

was  delivered  traversed  the  center  of  the  flow  tube  making  it  impossible  to 
also  use  side-arm  injectors.  The  new  design  was  a  loop  with  the  delivery  tube 
running  along  the  bottom  of  the  flow  tube  (Fig.  22).  This  permitted  the  use 
of  the  side-arm  injectors  up-stream  from  the  IX  loop.  It  also  reduced  F  atom 
recombination.  The  tube  was  made  of  1/4  in  stainless  steel  tubing,  and  the 
loop  injector  was  made  from  1/8  in  Teflon  tubing  with  small  holes  along  the 
inside  of  the  loop. 

3.1.3  IX  sample  preparation— Various  IX  (X  «  I,  CF3,  Br,  Cl)  precursors 

were  used  to  form  IF.  A  bulb  mixture  of  10  percent  CF3I  in  helium  was  used 
with  the  flow  measured  by  a  mass  flowmeter.  The  I2  was  placed  in  a  bulb  with 

argon  flowing  over  the  I2.  The  argon  flow  was  measured  with  a  mass  flowmeter 

and  the  I2  flow  rate  was  determined  by  an  absorption  technique  described  in 
Ref.  13.  The  introduction  of  IBr  and  IC1  into  the  flow  tube  turned  out  to  be 

a  more  difficult  problem.  At  room  temperature  IBr  is  a  solid  and  IC1  is  a 

liquid.  Initially  bulb  mixtures  of  IC1  and  IBr  dilute  in  helium  were  pre¬ 
pared.  The  flow  of  the  mixture  was  measured  with  a  mass  flowmeter.  LIF 
signals  with  IC1  from  v"  -  0  were  much  weaker  than  expected.  It  was  suspected 
that  the  IC1  flow  entering  the  flow  tube  was  actually  much  lower  than  indi¬ 
cated  by  the  mass  flowmeter.  This  could  occur  if  ici  was  gettered  on  the 
mass  flowmeter  walls  or  on  the  walls  of  the  tubing  subsequent  to  the  mass 
flowmeter.  When  the  gas  lines  were  inspected,  significant  corrosion  of  the 
stainless  steel  in  the  delivery  line  was  found.  Therefore,  a  new  delivery 
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system  was  designed  and  installed.  A  schematic  of  the  new  design  is  shown  in 
Fig.  23.  The  IC1  was  placed  in  a  glass  bulb  then  purified  by  several  freeze- 
thaw  cycles  at  liquid  N2  temperature.  A  Teflon  needle  valve  adjusted  the 
amount  of  IC1  flow.  The  IC1  source  was  kept  at  ambient  temperature,  and  argon 
was  then  mixed  with  the  '~1.  The  gas  mixture  was  fed  directly  into  the  injec¬ 
tor.  The  flow  of  the  argon  diluent  was  measured  with  a  mass  flowmeter. 
Although  the  concentration  of  the  1C1  in  the  flow  tube  is  not  known,  as  will 
be  described  later  in  Subsection  3.3,  the  relative  amount  of  IF  produced  can 
be  measured  using  LIF.  This  delivery  system  was  also  used  for  IBr.  While  all 
the  lines  of  this  system  were  teflon,  several  stainless  steel  fittings  were 
used.  Over  time  even  these  fittings  corroded.  In  addition  over  a  period  of 
several  weeks  the  IC1  and  IBr  became  contaminated  by  I2  despite  repeated 
freeze  thaw  distillation  cycles. 

3.1.4  Analysis  of  LIF 
data— The  methodology  of  the  LIF 
experiments  is  outlined  in 
Fig.  24.  To  monitor  population 
from  low  v"  the  laser  excited 
v'  ~  3,4,5  (A  <  500  nm)  from 
v'  -0,1  and  one  monitors  red- 
shifted  LIF  (Stokes  lines).  To 
detect  high  v"  (5  to  14)  one 
pumps  with  red  dyes  (A  >  600  nm) 
and  monitors  blue-shifted  LIF 
(anti-Stokes  lines). 

Trickl  and  Wanner  (Ref.  26)  have  previously  shown  (in  a  crossed  molecular 
beam  experiment)  that  the  IF(X)  vibrational  distribution  produced  from  the 
IX  +  F  reaction  differs  depending  on  X  as  shown  in  Fig.  25.  Note  that  the 
I2  +  F  and  IBr  +  F  reactions  produce  significant  v'  >  9  while  the  IC1  +  F  and 
CF3l  +  F  reactions  do  not.  There  are  no  other  significant  differences  between 


TO 

IX  INJECTOR 


Figure  23.  Schematic  of  IC1  saturation  used 
for  IC1  +  F  studies. 
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INTtRNUCLEAR  StPARAl lOh  (A ) 


Figure  24.  Energy  level  diagram  indicating  relevant  states  involved  in  LIF 
detection  of  IF(X.v). 

these  reactions.  Therefore,  comparison  of  donors  should  be  a  critical  test  of 
our  hypothesis  that  IF(X,v  >  9)  is  the  key  species  in  the  first  step  of  the 
excitation  mechanism  described  below. 


IX  +  F  +  IF(X,v'  >  9)  + 

F 

(11) 

IX(X,V«  >  9)  +  02<’a)  + 

IF(A')  +  02(3£) 

(12) 

IF(  A'  )  +  02<  +  IF(  B) 

+  o2(3i:) 

(13) 

If  this  is  an  adequate  description,  then  the  amount  of  IF(B)  chemilumi¬ 
nescence  produced  using  I2  should  be  much  greater  than  that  produced  using  IC1 
or  CF3I.  A  direct  comparison  between  the  different  IF  precursors  was  compli¬ 
cated  by  the  inability  to  measure  the  mass  flow  rate  of  IC1  and  IBr.  However, 
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these  results  can  be  compared  by  measuring  the  relative  IF(x,v'»0)  produced  In 
each  case  using  LIF  as  the  monitor. 

To  interpret  the  LIF  results  in  a  more  quantitative  manner,  the  following 
approach  has  been  taken.  In  general,  the  LIF  signal,  IF,  is  directly  propor¬ 
tional  to  the  number  density  (Nv»)  of  the  v"  level  excited  by  the  dye  laser. 

IF  -  KNvn  <x(  v* ,  v" )  Ptv'.V)  (29) 

where  ofv'.v")  is  the  absorption  cross  section  for  the  v*  v"  band,  K  is  a 
constant,  and  P(v',v")  is  the  intensity  of  the  dye  laser  (photons  cm-2  s_1). 

In  the  present  experiments  an  interference  filter  centered  at  500  nm  with 
a  20  nm  bandwidth  has  been  used  to  monitor  fluorescence  produced  by  laser 
excitation  of  (v”  >  0),  e.g.,  excitation  of  v*  -  4  from  v"  -  9.  Although  it 
is  difficult  to  determine  what  fraction  of  the  total  fluorescence  from  v'  «  4 
we  observe,  if  a  v1  -  4  *■  v"  band  is  always  excited  then  the  LIF  signal  will 
be  directly  proportional  to  the  specific  v"  level  pumped.  A  similar  argument 
can  be  used  for  any  other  v1  level.  In  the  present  experiments  v*  »  3  and  4 
has  been  used.  Results  for  excitation  of  these  two  bands  are  normalized  by 
comparison  of  the  LIF  signals  observed  for  pumping  of  the  (3,0),  (4,0),  (5,0), 
(6,0),  (7,0),  and  (8,0)  bands  since  each  monitors  v"  «  0.  This  method  allows 
probing  of  v"  -  0,1,2,6,7,8,9,10,11,12,13,14. 


To  use  Eq.  (29)  we  recognize  that  the  absorption  cross  section  ct(v',v") 
is  given  by 


a(v* ,v") 


8ir^  r  41n2  %  1  / 2 
3hc  it  > 


R  (v* ,v") 
e 


2  q(V  ,  v"  )  v(v'  ,v")  Sj 
~~  Auq  (2J+1) 


where 
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2 

jRa(v',v")j  is  the  transition  moment 
q(v',v")  is  the  Franck-Condon  Factor 
Avq  is  the  doppier  width 

v(v',v")  is  the  frequency  of  the  transition 

and 


Sj/(2J+1 )  is  the  rotational  line  strength  factor  and  is  ~0.5. 

We  can  rewrite  Eq.  (29)  in  terms  of  the  relevant  parameters 

cr(v«,vH)  -  K1  |R,(v',v")j2  v(v',v")  (30) 

We  can  obtain  |Re( v* ,v" )  |  2  from  Eq.  (30). 


|Re(v* ,vH) I" 


K„  A  ,  _ 

2  v',v" 


(64ir/3h)  (v<V* ,v"))  q(v» ,v")  q(v*,v")  (v(v',v"))' 


(31) 


Thus,  we  arrive  at  the  expression 


ct(v* ,v" )  - 


A 

8  v1 ,v" 


(32) 


(v(V  ,v"l) 

where  R(v)  is  the  dye  laser  power  in  micro joules  and  S  is  a  constant. 


The  relative  number  density  Nv„  is  determined  from 


N 

v 


N 


K  Ip(V  ,V")  (v(V*  ,VW))' 

R(V)  A  ,  " 

v1  ,v" 


(33) 


where  <  is  a  constant  that  includes  all  constants  described  above  and  is 
independent  of  v1  and  vN.  The  R(v)  are  determined  from  the  Laser  Precision 
power  meter  and  the  Ay, >v„  are  taken  from  the  tables  of  Ref.  33.  Note  that  we 
have  recognized  that  the  dye  laser  intensity  is  proportional  to  R(v)/hv. 


While  this  technique  can  be  used  to  compare  relative  v"  >  0,  the  LIF 
signals  from  v"  -  0  cannot  be  directly  compared  to  those  originating  from 
v"  >  1 .  This  is  because  two  filters  are  used  to  observe  LIF  from  v"  «  0 
(X  *  760  nm)  and  from  the  high  v"  (X  "  500  run) . 
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3.1.5  Filter  calibration — To  determine  the  fraction  of  IF(X)  that  is 
vibrationally  excited  the  relative  transmission  of  the  two  filters  used  to 
observe  LIF  from  v"  -  0  (X  “  760  ±  5  nm  filter)  and  from  the  high  vM 
(X  »  500  ±  20  nm  filter)  must  be  determined.  Since  narrow  bandpass  filters 
were  used  to  collect  the  data  the  relative  collection  efficiency  will  differ 
for  each  v'  (Fig.  26).  In  addition  the  transmission  curves  of  the  two  filters 
are  different. 


Figure  26.  Transmission  functions  of  bandpass  filters  used  to  collect  LIF 
data. 


To  calibrate  the  two  filters,  LIF  signals  resulting  from  pumping  a  single 
(v',v")  transition  were  measured  with  each  filter  while  all  other  conditions 
were  held  constant.  Transitions  for  calibration  were  carefully  chosen  so  that 
the  pump  wavelength  was  not  in  the  range  of  either  filter.  This  eliminates 
scattered  laser  light  as  a  background  signal.  The  I2  was  used  as  the  IF 
precursor  for  the  calibration  measurements.  Since  the  filter  at  the 
X  -  760  nm  transmits  some  I2  fluorescence  an  excitation  transition  was  chosen 
in  a  region  where  there  was  no  detectable  I2  fluorescence. 


Two  distinct  transitions,  the  (3,8)  and  (4,9),  were  used  to  calibrate  the 
filters.  Spectra  taken  using  each  filter  are  shown  in  Fig.  27.  In  this  spec¬ 
tral  region  two  other  transitions,  the  (6,10)  and  (7,11),  are  also  present. 

The  signal  with  the  \  »  760  nm  filter  was  too  weak  to  use  these  transitions 
for  calibration.  The  spectrum  taken  with  the  X  -  500  nm  filter  was  much  more 
intense  than  the  spectrum  taken  with  the  X  *  760  nm  filter.  A  factor  of  20 
more  sensitivity  was  needed  to  record  the  X  -  760  nm  filter  spectrum.  The 
area  under  each  band  was  integrated  with  a  planimeter  to  determine  the  rela¬ 
tive  intensity  of  each  transition.  To  determine  a  calibration  factor  for 
v'  ■  4  a  ratio  of  the  intensity  of  the  (4,9)  using  each  filter  was  determined: 


I 


I 


500 

760 


(4,9) 

(4,9) 


19.1 


Similarly  a  ratio  of  the  for  pumping  (3,8)  was  calculated  to  be  22.0. 


These  normalization  factors  were  used  to  compare  the  populations  in 
v"  -  0  to  those  in  v"  >  1  using  pump  transitions  that  terminated  on  v'  »  3 
or  4.  Transitions  using  other  v*  can  be  normalized  by  comparing  two  transi¬ 
tions  with  the  same  v".  For  example  the  (5,12)  can  be  normalized  to  the 

(4.12)  for  which  the  v'  calibration  is  known.  As  previously  described,  the 
intensity  is  first  corrected  for  differences  in  laser  power  and  absorption 
cross  section.  After  these  corrections,  the  intensities  of  the  (4,12)  and 

(5.12)  would  be  equal  if  there  was  no  filter  discrimination  (Fig.  28).  The 
ratio  of  1(4, 12)/I(5, 12)  can  then  be  used  to  normalize  the  other  (5,  v"  >  0) 
transitions  to  v'  -  4.  In  this  manner  normalization  factors  for  v'  =  3, 5, 6, 7 
and  8  with  respect  to  v'  -  4  were  determined.  Therefore,  all  data  was 
normalized  to  an  LIF  signal  that  originated  from  v'  >4. 

3.2  RESULTS 


3.2.1  Initial  LIF  results— In  our  initial  studies  reactions  (16)  and 


(17)  were  used  to  produce  IF(x) 


642.5 


6' 
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(a)  Observed  through  the  760  ran  filter 
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(b)  Observed  through  the  500  nm  filter 


Figure  27.  LIF  signal 


Figure  28.  Energy  level  diagram  indicating  LIF  detection  scheme. 
k16 

CF3I  +  F  >  IF  ♦  CF3  (16) 

k17 

I2  +  P  ♦  IF  +  I  (17) 

The  IF*  waa  seen  on  the  initial  attempt.  It  was  encouraging  that  IF*  could  be 
observed  in  a  flow  tube  environment.  This  is  an  important  observation  since 
IF*  must  survive  long  enough  to  be  pumped  by  an  02*  molecule.  No  IF*  was  seen 
when  reaction  (16)  was  used  to  produce  IF.  In  Fig.  29  a  comparison  is  shown 
of  LIF  excitation  spectra  for  reactions  (16)  and  (17)  both  at  0.5  ms  reaction 
time.  Although  these  LIF  spectra  cover  only  a  small  wavelength  range  of  the 
total  that  we  have  studied  it  is  clear  that  IF1,  is  absent  when  reaction  (16) 
is  used  to  produce  IF(X). 
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( t> )  i2  +  F  reaction 


Some  temporal  profiles  of  IF*  were  obtained  by  varying  the  I2  injector 
location  as  described  in  the  chemiluminescence  experiments.  In  Fig.  30  the 
evolution  of  v"  -  10  as  a  function  of  reaction  time  is  shown.  Also  plotted  is 
the  IF( B+X) 0-4  chemiluminescence  intensity  temporal  profile  taken  under  com¬ 
parable  conditions.  From  Fig.  30  it  is  seen  that  the  chemiluminescence 
intensity  falls  off  at  a  faster  rate  than  does  »"  -  10.  However,  it  is  noted 
that  the  observed  rate  of  diminution  of  v*-10  is  actually  the  sum  of  the  rate 
into  v"-10  from  v">10  and  the  rate  out  of  v"-10  to  lower  v”.  Consequently, 
the  relaxation  rate  of  v"»10,  observed  by  LIF,  might  be  expected  to  be  smaller 
than  the  rate  of  reduction  of  IF(B+x)  emission  if  v">10  are  the  critical 
levels  in  the  02*  excitation  process. 
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Figure  30 .  Plot  of  temporal  evolutions  of  IF*  and  IF(B-»X)  chemiluminescence 

intensity.  IF(X)  produced  by  I2  +  F  reaction.  ■  -LIF  signal  from 
excitation  of  IFt(X; v"»10) ;  •  -IF(B+x)  chemiluminescence  intensity 
(data  are  normalized  at  one  point) 


50 


A  similar  study  was  done  which  monitored  v"  -  0  when  CF3I  was  used  as  an 
iodine  donor.  These  results  are  presented  in  Fig.  31.  The  IF(B+X)  chemilumi¬ 
nescence  tracks  the  profile  of  IF(X;v»0)  reasonably  well. 


Figure  3 1 .  Plot  of  temporal  evolution  of  IF(X;v"»0)  and  IF(B-»X)  chemilumines¬ 
cence  intensity.  IF(X)  produced  by  CF3I  +  F  reaction.  ■  -  LXF 
signal  from  excitation  of  IF(X;v"»0);  •  -  IF(B+X)  chemilumines¬ 
cence  intensity  (data  are  normalized  at  one  point) 


These  results,  while  not  yet  quantitative,  were  suggestive  of  an  active 
participation  of  IF*  in  the  excitation  of  IF(B)  by  02* .  Reaction  (17)  pro¬ 
duced  readily  detectable  IF(X;v<12)  while  reaction  (16)  produced  no  detectable 
IF*  with  v>1.  The  evolutions  of  v""10  and  v"-0  subsequent  to  their  respective 
formation  by  reactions  (33)  and  (34)  qualitatively  agreed  with  the  temporal 
profiles  of  1F(B+X)  chemiluminescence  using  reactions  (16)  and  (17).  At  this 
point  in  the  study  it  appeared  that  IF*  was  linked  to  the  intense  IF(B-*-x) 
chemiluminescence  observed  in  the  F  +  Ij  +  02*  reaction. 
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3.2.2  LIF  results:  complete  study — To  test  the  hypothesis  of  the  impor¬ 
tance  of  v"  >  10,  LIF  data  were  obtained  using  CF3I,  I2,  IBr  and  IC1  as  iodine 
donors  for  IF.  Excitation  spectra  were  recorded  over  a  large  wavelength 
region.  These  data  were  obtained  0.5  to  5.0  ms  downstream  of  the  IF  injector. 
Table  2  summarizes  the  transitions  observed,  their  calculated  wavelengths,  and 
the  laser  dyes  used.  A  representative  selection  of  excitation  spectra  of  IF 
formed  by  the  reaction  I2  +  F  are  given  in  Figs.  32,  33,  34,  and  35.  For  com¬ 
parison  excitation  spectra  for  CF3I,  IC1,  and  IBr  are  given  in  Figs.  36,  37, 
and  38  and  39,  respectively.  In  all  four  cases  strong  signals  are  observed 
from  v"  -  0.  The  intensity  of  the  LIF  signal  from  v"  >  0,  however,  is 
strongly  dependent  on  the  iodine  donor  used  to  form  IF.  As  mentioned  previ¬ 
ously,  CF3I  produces  no  detectable  IF*.  For  IC1,  signals  from  v"  «  8  and  9 
are  very  weak  (Fig.  36b).  No  LIF  from  v"  >  9  could  be  observed.  For  both  I2 
and  IBr,  LIF  signals  from  higher  vibrations  up  to  v"  ■  14  were  observed 
(Figs.  34  and  38).  Vibrations  greater  than  v"  »  14  could  not  be  studied  with 
our  laser  system. 

3.2.3  Analysis  of  results — Using  the  equations  developed  earlier,  vibra¬ 
tional  distributions  in  IF(X)  were  calculated  for  the  four  iodine  donors 
studied.  The  results  of  these  calculations  are  given  in  Figs.  39,  40,  41  and  42. 
The  filter  corrections  discussed  in  Section  3  was  included  in  all  of  these 

calculations  so  the  ratio  £  [IF(v">0) ]/[IF( v"»0) ]  is  known. 

v">0 

Although  LIF  is  a  sensitive  monitor  for  IF(V>0)  it  does  present  some 
difficulties  in  data  reduction.  These  include  dye  laser  power  variations  and 
the  transmission  properties  of  the  filters  used  to  eliminate  scattered  laser 
light.  The  actual  dye  laser  power  for  each  transition  was  interpolated  from 
readings  that  were  taken  periodically  during  each  spectral  scan.  A  5  percent 
error  is  introduced  through  our  accuracy  in  interpolation.  For  several  tran¬ 
sitions  the  dye  laser  power  was  changing  rapidly  over  the  spectral  range  of 
the  transition.  In  these  cases  a  larger  error  of  up  to  20  percent  is  intro¬ 
duced.  The  transmission  of  the  filters  has  been  calibrated  as  described 
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TABLE  2.  Transitions  in  IF(B-t-X)  Observed  Using  LIF 


(v‘ ,v") 

Calculated 
Wavelength  (A) 

Laser  Dye 

(8,0) 

4546.2 

Coumarin  460  (C460) 

(9,1) 

4602.0 

C460 

(7,0) 

4619.5 

C460 

(8,1) 

4674.7 

C460 

(6,0) 

4697.4 

Coumarin  480  (C480) 

(9,2) 

4732.2 

C480 

(7,1) 

4752.2 

C480 

(5,0) 

4780.3 

C480 

(8,2) 

4809.2 

C480 

(4,0) 

4868.1 

Coumarin  500  (C500) 

(7,2) 

4891.3 

C500 

(5,1) 

4922.5 

C500 

(8,3) 

4950.0 

C500 

(3,0) 

4961 .3 

C500 

(6,2) 

4973.7 

C500 

(4,1) 

5013.8 

C500 

(2,0)* 

5059.9 

C500 

(3,1)* 

51 14.7 

C500 

(  1 ,0)* 

5164.2 

C500 

(2,1)* 

5219.6 

C500 

(3,5) 

5814.7 

Rhodamine  590  (R590) 

(4,6) 

5878.5 

R590 

(5,7) 

5944.3 

R590 

(2,5) 

5950.6 

R590 

♦Not  observed  using  I2  as  iodine  donor  because  of  strong  I2  fluorescence. 


TABLE  2.  Transitions  in  IFtB+X)  Observed  Using  LIF  (Cont.) 


(V* ,v") 

Calculated 
Wavelength  (A) 

Laser  Dye 

(4,7) 

6080.8 

Rhodamine  610  (R610) 

(7,9) 

6083.4 

R610 

(5,8) 

6148.8 

R610 

(2,6) 

6160.4 

R610 

(6,9) 

6219.3 

Rhodamine  640  (R640) 

(3,7) 

6226.8 

R640 

(4,8) 

6295.0 

R640 

(5,9) 

6365.4 

R640 

(6,10) 

6438.4 

R640 

(3,8) 

6451.6 

R640 

(7,11) 

6514.5 

R640 

(4,9) 

6522.1 

R640 

(5,10) 

6595.0 

LD690  +  Rhodamine  610  (R610) 

(2,8) 

6619.3 

LD690  +  R610 

(6,11) 

6670.6 

LD690  +  R610 

(3,9) 

6690.4 

LD690  +  R610 

(7,12) 

6749.5 

LD690  +  R610 

(4,10) 

6763.4 

LD690  +  R610 

(1,8) 

6799.1 

LD690  +  R610 

(8,13) 

6832.3 

LD690  +  R610 

(5,11) 

6838.9 

LD690  +  R61 0 

(2,9) 

6871  .0 

LD690  +  R610 

(4,11) 

7020.2 

LD700  +  Rhodamine  640  (R640) 

(1,9) 

7064.8 

LD700  +  R640 

(8, 14) 

7085.1 

LD700  +  R640 

(5,12) 

7098.4 

LD700  +  R640 

(2,10) 

7139.3 

LD70.0  ♦  R640 

(6,13) 

7179.7 

LD700  +  R640 

(3,11) 

7215.5 

LD700  +  R640 

(7,14) 

7263.0 

LD700  +  R640 

(4,12) 

7295.0 

LD700  +  R640 

- 1 — I — I — I — I  I — I — I  I  I  I — I  I  I  I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — I  I  I  I — I  I 
467  469  471  473  475  477  479  4B1  463  465 

WAVElENliTH  (nm) 

(b)  Couaarin  480 

Figure  32.  LIF  of  IF.  IF(X)  formed  using  I2  +  F  reaction 
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FLOURESCENT  INTENSITY 


(3.8) 


WAVELENGTH  (nm) 


(a)  LIF  spectrum  taken  uaing  Laser  dye  R640 


(4.10) 


(b)  LIF  spectrum  taken  using  laser  dye  LDS690  Rhodamine  610 
Figure  34.  LIF  of  IF.  IF(X)  formed  using  i  +  F  reaction 
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WAVELENGTH  (nm) 


Figure  35.  LXFofIF.  IF(X)  formed  using  I2  +  F  Reaction.  Spectrum  taken 
using  laser  dye  LD700  +  Rhodamine  640. 
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FLUORESCENCE  INTENSITY 


U.O) 


(a)  LIF  spectrum  taken  using  laser  dye  Coumarin  500 


OYE  LASER.  WAVELENGTH  v\  ) 


(b)  LIF  spectrum  taken  using  laser  dye  Rhodamine  640 
Figure  36.  LIF  of  IF.  IF(X)  formed  using  CF3I  ♦  F  reaction 
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FLUORESCENCE  INTENSITY  FLUORESCENCE  INTENSITY 


WAVELENGTH  (nm) 

(a)  LIF  spectrum  taken  using  laser  dye  Coumarln  500 


645  651  656.5  661-3 


WAVELENGTH  (nm) 

(b)  LZF  spectrum  taken  using  laser  dye  Rhodamine  640 
Figure  37.  LIF  of  IF.  IF(X)  formed  using  IC1  +  F  reaction 
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FLOURESCENT  INTENSITY  FLOURESCENT  INTENSITY 


(3,0) 


(a)  LIF  spectrum  taken  using  laser  dye  Coumarin  500 


(3,8) 


(b)  LIF  spectrum  taken  using  laser  dye  Rhodamine  640 
Figure  38.  LIF  of  IF.  IF(X)  formed  using  IBr  +  F  reaction 
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(3,11) 


Figure  39.  LIF  of  IF.  IF(X)  formed  using  IBr  +  F  reaction.  Spectrum  taken 
using  laser  dye  LD700  +  Rhodamine  640 

previously.  Error  in  the  calibration  is  introduced  in  the  ability  to  measure 
accurately  the  intensity  of  each  transition.  The  intensity  of  the  strong 
signals  could  be  measured  to  within  3  percent  but  the  weaker  signals  have  a 
10  percent  error  uncertainty.  For  most  of  the  data  reduction,  the  LIF 
intensity  was  determined  by  measuring  peak  heights  from  the  recorded  spectra. 
The  effects  of  quenching  and  V-T  relaxation  are  harder  to  quantify.  Both 
would  serve  to  decrease  the  vibrational  population  of  higher  vibrations  and 
increase  the  lower  vibrations.  As  will  be  shown  later  this  would  then 
decrease  the  observed  chemiluminescence  signal.  Thus,  the  distributions  are 
almost  certainly  not  nascent.  The  area  under  the  LIF  spectra  of  several  tran¬ 
sitions  ware  also  integrated.  The  two  methods  gave  results  that  agreed  to 
within  9  percent.  Overall  a  combined  error  of  15  percent  is  calculated  for 
our  ability  to  connect  observed  LIF  signals  to  relative  populations. 
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3.3  CHEMILUMINESCENCE  FROM  IF*  +  02* 

Chemiluminescence  spectra  of  IF(ES)  produced  by  02*  pumping  were  recorded 
under  the  same  conditions  as  the  LIF  spectra  for  each  of  the  iodine  donors 
studied.  Spectra  for  I2,  IBr,  IC1,  and  CF3I  are  given  in  Figs.  43,  44,  45, 
and  46.  The  vibrational  distribution  for  IF(B)  is  similar  for  all  IF  donors 
studied.  However,  the  intensity  of  the  chemiluminescence  exhibits  a  strong 
dependence  on  the  iodine  donor  with  Ij^  >  IiBr  >  IIC1  >  ICF3I*  This  parallels 
the  LIF  results  that  shows  the  vibrational  population  in  v"  >  9  varied  as 
I 2  >  IBr  >  I Cl  >  CF3I.  Further  evidence  of  the  role  of  IFt  is  seen  in  the 
temporal  profiles  of  IF(B+X)q_4  intensity  for  each  iodine  donor  obtained  by 
varying  the  IF  injector  location  (Fig.  47) .  At  long  reaction  times  the  amount 
of  IF(B)  formed  is  comparable  for  all  cases.  IC1  shows  an  almost  flat 
response  to  the  variation  of  reaction  time.  This  is  similar  to  the  response 
observed  for  CF3I  which  was  discussed  previously.  Both  of  these  iodine  donors 
produce  little  to  no  IF(X,v"  >  9).  Thus  the  mechanism  is  probably  opera¬ 

tive.  At  short  reaction  times  the  amount  of  IF(B)  formed  is  greatly  enhanced 
in  the  case  of  I2  and  to  a  lesser  extent  for  IBr.  Both  of  these  iodine  donors 
produce  a  significant  amount  of  IF  in  v"  >  9.  The  decrease  in  intensity  at 
longer  reaction  times  is  expected  since  V-T  relaxation  will  occur  and  reduce 
[IF+J.  The  LIF  results  confirm  the  reduction  of  [IF*]  at  longer  reaction 
times.  In  Fig.  48a  we  show  an  LIF  spectrum  using  I2  at  a  mixing  time  of  4  ms. 
For  comparison  an  LIF  spectrum  taken  at  a  mixing  time  of  0.7  ms  is  shown  in 
Fig.  48b.  Note  the  hot  vibrational  bands  are  almost  completely  absent  in  the 
long  reaction  time  spectrum.  Further,  the  overall  signal  from  v”=«0  increases 
a  factor  of  7  when  going  from  short  to  long  reaction  time.  Conversely, 
chemiluminescence  spectra  taken  under  the  same  conditions  show  an  intensity 
decrease  of  a  factor  of  5  going  from  short  to  long  reaction  time. 
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WAVELENGTH  (nm) 


using  IBr  +  F  reaction 


NORMALIZED  INTENSITY 


WAVELENGTH  (nm) 


Figure  45.  IF(B-»X)  chemiluminescence  from  Q->*  excitation.  'IF(X)  formed 
using  I  Cl  +  F  reaction 


Figure  46.  IF(B»X)  chemiluminescence  from  Op*  excitation.  IF(X)  formed 
using  CF3I  +  F  reaction 
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Figure  47 .  Temporal  profiles  of  XF(B-»X)q_^  chemiluminescence  intensity  usiiy 
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(b)  Reaction  time 

Figure  48.  Excitation  spectra  for  IF(X) 
a)  reaction  time  -  4  ms;  b) 


-  0.7  ms 

resulting 
reaction  t 


To  compare  the  chemiluminescence  intensity  for  the  different  iodine 
donors  directly  the  measured  intensity  needs  to  be  normalized  to  the  amount  of 
IF*  formed.  We  are  unable  to  make  an  absolute  determination  of  the  amount  of 
IF*  formed.  An  estimate  of  the  relative  amount  of  IF*  formed  in  each  case  can 
be  determined  by  summing  the  population  in  each  vibrational  level. 

Population  of  each  vibrational  level  was  calculated  using  the  equations 
derived  in  Section  3  which  include  corrections  for  laser  power,  transition 
probability,  and  filter  transmission.  The  population  for  each  vibrational 
level  could  not  be  determined.  In  the  cases  of  IBr  and  I2  the  population  could 
be  calculated  for  v"  »  0,1,2  and  6  through  14.  For  IC1  v"  «  2  and  7  were  also 
omitted  from  the  sum  since  no  measurements  were  made.  The  population  vM  »  2 
should  be  significant  so  that  the  calculated  population  of  IF*  is  interpolated 
to  be  approximately  20  percent  lower  than  the  actual  value.  For  CF3I  popula¬ 
tion  from  v"  *•  0  and  1  were  summed.  Population  in  higher  vibrations  are 
neglected. 

To  elucidate  the  importance  of  IF*(v"  >  9)  in  the  excitation  of  IF(B)  by 
02(1A)  several  runs  were  completed  in  an  attempt  to  correlate  IF(B)  proauction 
versus  the  initial  IF  ground  state.  For  these  runs  all  conditions  were  held 
constant  with  the  exception  of  the  ix  donor.  Plots  of  IF(B-*-x)  chemilumines¬ 
cence  intensity  as  a  function  of  IF<X,v")  were  constructed  and  are  summarized 
in  Figs.  49a, b,c.  In  Fig.  49a  the  observed  chemiluminescence  intensity  is 
plotted  versus  [IF(X,v"  -  0)]  for  (x  -  CF3,Cl,Br,I) .  A  similar  plot  using 
[ IF(X, v"  4  8)]  as  the  independent  variable  is  shown  in  Fig.  49b.  Examination 
of  these  two  plots  shows  essentially  no  correlation  between  [IF(B>]  and  the 
relative  concentration  of  [IF(X)J. 

In  contrast  when  the  data  are  replotted  in  Fig.  49c  using  only 
IF(x,v"  >  9)  the  data  show  a  reasonably  well  be ha ved^ linear  relationship 
between  [IF(B>]  and  [IF(x,v"  >9)].  The  intercept  is  qualitatively  consistent 
with  the  second  excitation  process  that  involves  low  vibrational  levels  of 
IF(X)  and  02^ . 
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[IF(B)]0-4  (kHz) 


Figure  49 


The  importance  of  IF+  is  clearly  illustrated  in  these  results.  A  small 
chemiluminescence  signal  is  observed  from  vibrationally  cold  IF.  As  the 
amount  of  vibrationally  hot  IF  is  increased  the  chemiluminescence  signal 
increases. 

3.4  COMPARISON  WITH  PREVIOUS  RESULTS 

The  first  attempt  to  determine  the  internal  energy  distribution  of  the 
IF( X)  formed  from  F  +  IX  type  reactions  was  reported  by  Donovan  et  al. 

(Ref.  34)  in  1980.  Using  a  pulsed  dye  laser  they  studied  LIF  and  concluded 
that  the  I2  +  F  reaction  produced  a  considerable  fraction  (~60  percent)  of 
IF( X)  in  vibrationally  excited  levels.  Trickl  and  coworkers  (Ref.  26)  per¬ 
formed  a  similar  study  using  a  CW  dye  laser  and  reported  that,  the  F  +  I2 
reaction  produced  IF(x,v)  with  v  <  19,  but  most  of  the  IF  (~90  percent)  was 
produced  in  v"  -  0.  In  addition  they  found  that  although  fraction  of 
IF( X, v"  >  0)  was  much  higher  for  the  IC1  and  IBr  +  F  reactions  a  secondary 
peak  consistently  appeared  for  IF(X,v"  -  0).  The  vibrational  distributions 
that  they  observed  are  reported  in  Fig.  50  for  the  convenience  of  the  reader. 


where  k^  produces  an  electronically  excited  halogen  atom.  This  prediction 
caused  a  considerable  stir  since  it  appeared  that  the  F  +  I2  reaction  might  be 
a  convenient  source  for  chemical  production  of  I*  and  might  produce  an  I* 
laser  at  1.315  urn  without  the  requirements  of  a  chemical  oxygen  generator. 
Consequently  several  groups  attempted  to  confirm  this,  prediction  by  probing 
for  the  presence  of  I*,  since  the  relevant  I(2P1/2  >  2P3/2)  transition  is  at 
1 .315  ym  it  can  be  detected  using  an  intrinsic  germanium  detector.  Setser  and 
coworkers  (Ref.  35)  used  this  technique  but  observed  no  detectable  I*  emission 


IF  (v) 


and  concluded  that  the  branching  to  I*  was  <4  x  10-4.  For  the  analogous 
IBr  +  F  reaction  they  concluded  that  the . branching  into  Br*  was  less  than 
1  percent.  A  similar  study  by  Berson  (Ref.  36)  and  his  co-investigators  used  a 
well  established  two  photon  LIF  technique  for  I*  detection,  found  no  detectable 
I*  and  placed  an  upper  limit  on  the  branching  at  0.01.  These  two  independent 
results  were  both  in  disagreement  with  the  conclusions  of  Trickl  and  Wanner 
(Ref.  26)  in  that  the  predicted  X(2P1/2)  atoms,  associated  with  the  hypothe¬ 
sized  IF(X,v"  «  0)  production  branch,  were  absent. 

The  results  of  the  LIF  work  also  disagree  with  the  conclusions  of  Ref.  26. 
Since  the  data  in  the  present  work  were  obtained  at  relatively  high  pressure 
(PT  ~  0.8  Torr)  the  vibrational  v"  distributions  should  be  partially  thermal- 
ized  and  indeed  should  be  less  nascent  than  those  observed  in  the  crossed  beam 
apparatus  of  Trickl,  et  al.  Nevertheless,  we  observed  much  greater  fraction  of 
IF*  than  did  Trickl  and  Wanner.2®  The  results  clearly  indicate  that  the  frac¬ 
tion  fvIX  »  [ IF+ ]/[ IF( v"  -  0 ) J  produced  from  IX  +  F  follows  the  progression 
f*2  >  f*Br  >  Although  we  could  not  observe  IF*  production  to  the 

exothermic  limit  for  the  reactions  involving  either  I2(v"  -  19)  or 
IBr(v"  -  15),  we  were  able  to  probe  the  upper  limit  for  the  IC1  reaction  and 
found  no  detectable  population  above  v"  ■  9  which  is  consistent  with  Trickl  and 
Wanner. 

From  a  more  fundamental  viewpoint,  it  is  of  interest  to  note  that  Fletcher 
and  Whitehead  (Ref.  37)  performed  some  classical  trajectory  calculations  of  the 
I2  +  F  reaction  and  predicted  that  the  IF(X)  produced  would  be  strongly 
inverted  with  a  population  peak  occurring  in  v"  »  16.  When  normalized  to  the 
experimental  results  of  Donovan,  et  al.  (Ref.  34)  (v"  «  1,2, 3). and  of  Trickl 
and  Wanner  (Ref.  26)  (v"  *»  10+19)  the  qualitative  agreement  is  excellent  as  is 
indicated  in  Fig.  51  which  is  extracted  from  Fletcher  and  Whitehead  (Ref.  37). 
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RELATIVE  POPULATION 


Figure  51.  IF  produce  vibrational  state  distribution  from  the  trajectory 
calculations  for  the  reaction  F  +  l->  -»  IF  +  I  at  a  collision 
energy  of  8.4  kJ  mol"1  (histograms).  The  hatched  region  repre- 
sents  two  standard  deviations  centered  around  the  calculated 
population.  The  calculations  are  compared  with  the  results  of 
Ref.  26  (solid  circles)  for  v  >  10;  both  distributions  being 
normalized  at  their  peaks.  The  experimental  distribution  of 
Ref.  34  is  also  shown  (solid  diamonds)  and  is  normalizeed  to  the 
trajectory  results  at  v  -  2 
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The  failure  of  the  trajectory  study  to  predict  a  secondary  population 
peak  at  v"  -  0  is  of  primary  importance  to  the  present  discussion.  Indeed, 
Fletcher  and  Whitehead  (Ref.  37)  rationalized  that  this  difference  was  because 
of  an  alternate  reaction  channel.  This  hypothesis  was  later  reiterated  by 
Trickl  and  Wanner  (Ref.  26)  in  a  subsequent  paper. 

The  discrepancy  between  the  results  of  Trickl  and  the  several  experiments 
has  apparently  been  resolved  in  a  recent  study  by  Vigue ,  et  al.  (Ref.  38). 

They  systematically  repeated  Trickl* s  experiment,  and  subsequent  to  the  I2  +  F 
reaction,  they  measured  [IF(X,v"  =  0)  ] /[  IF(  X,  v1'  -  13)]  ■  1  .7  ±  0.7  in  contrast 
to  Trickl  and  Wanner  who  reported  a  value  of  103  ±  32  for  the  same  two  levels. 
In  addition,  Vigue,  et  al.  (Ref.  38)  reported  that  the  [IF(X,vM  =  0)]  was  pro¬ 
duced  not  by  the  direct  I2  +  F  reaction  but  rather  by  a  secondary  process 
within  the  chamber.  This  conclusion  was  derived  from  the  observation  that 
[IF(X,v"  =•  13)]  was  observed  only  while  the  F2  source  was  on  while  the  corre¬ 
sponding  signal  for  v"  -  0  was  essentially  independent  of  whether  the  fluorine 
source  was  on.  The  mechanism  of  the  IF(X,v"  =  0)  source  is  unresolved,  but  it 
apparently  does  not  involve  the  direct  I2  +  F  reaction. 

It  is  reasonable  to  extrapolate  these  results  tt>  the  IC1  and  IBr  reac¬ 
tions,  especially  in  light  of  Setser's  observation  that  the  upper  limit  for 
the  branching  for  Br*  production,  which  corresponds  to  the  IF(x,v"  «  0)  chan¬ 
nel,  is  <  1  percent.  If  the  secondary  peak  observed  by  Trickl  and  Wanner 
(Ref.  26)  at  v"  *  0  is  indeed  due  to  background  IF,  then  one  could  argue  from 
the  energetics  of  the  IX  t  F  reactions  that  the  fraction  of  IF+  with  v"  >  9 
would  be  greatest  for  I2  +  F,  and  smallest  for  IC1  +  F,  the  order  that  was 
observed  in  the  present  program. 
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4.  MISCELLANEOUS  STUDIES 


4.1  LIF  FROM  D‘  +  A' 

An  attempt  was  made  to  observe  LIF  from  the  D‘  A'  transition  of  IF. 

The  mechanism  for  IF(B)  production  by  02*  excitation  involves  the  A'  state  as 
an  intermediate.  We  were  hoping  to  find  a  method  to  study  the  A*  state 
directly.  However,  the  laser  system  did  not  work  well  at  the  wavelength 
region  of  360  nm  needed  to  probe  the  transition.  Only  a  few  microjoules  of 
laser  power  were  available.  A  scan  was  made  but  no  signal  was  detected. 

4.2  REMOVAL  OF  IF(X,v)  BY  02* 

A  qualitative  study  of  the  quenching  of  IF(v)  by  02*  was  also  performed. 
The  LIF  signal  from  (4,9)  was  observed  under  several  conditions.  First, 

150  mTorr  of  the  02  was  added  with  no  change  to  the  LIF  signal  observed.  Next 
the  02  discharge  was  turned  on  creating  02* .  This  caused  the  v"  =  9  signal  to 
disappear  entirely.  This  is  expected  if  the  02*  is  pumping  the  population  in 
v"  =  0  up  to  higher  levels.  For  v"  »  0,  a  60  percent  depletion  of  LIF  signal 
was  observed  when  02*  was  present.  Thus,  although  02*  depleted  IF(X,v"  *  0) 
v"  *  9  was  much  more  efficiently  reduced.  However,  it  is  unknown  whether 
v"  =  9  was  promoted  to  IF(A' ),  and  this  observation  should  be  investigated 
more  thoroughly. 

4.3  ROTATIONAL  TEMPERATURE 

A  rough  estimate  can  be  made  of  the  rotational  temperature  of  IF(X,v)  by 
using  the  spectral  fitting  computer  codes  described  previously.  Two  vibra¬ 
tional  bands  (7,0)  and  (3,7)  were  chosen  because  no  other  bands  overlap  them. 
The  computer  generated  spectra  for  each  band  at  a  variety  of  rotational  tem¬ 
peratures.  The  generated  spectra  were  then  compared  to  the  data  to  determine 
the  best  fit.  For  v"  =  0  the  best  fit  fell  between  250  to  300  K  while  for 
v"  =  7  the  best  fit  was  between  300  to  350  K.  Because  of  the  flow  tube 
environment  a  considerable  rotational  thermalization  was  expected  to  occur. 
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In  a  crossed-molecular  beam  study,  Vigue  and  coworkers  (Ref.  38)  report  a 
rotational  temperature  of  263  K  for  v“  -  0.  For  high  vM  they  observe  a  non- 
Boltzmann  distribution. 

4.4  VIBRATIONAL  RELAXATION 

Several  measurements  were  made  to  probe  vibrational  relaxation  in  IF(X). 
The  temporal  profiles  of  vn  ■  10,12,  and  13  were  examined  for  several  Ar  pres¬ 
sures.  This  was  accomplished  by  scanning  the  movable  injector.  Data  from 
v"  »  12  are  shown  in  Fig.  52.  Some  of  the  initial  rise  is  due  to  chemical 
formation  and  mixing.  The  depletion  is  attributed  to  vibrational  relaxation. 
The  maximum  IFf  is  depressed  by  the  addition  of  Ar.  Additional  data  for 
v"  »  10  are  shown  in  Fig.  53.  Also  plotted  is  the  IF(B)q_4  chemiluminescence 


REACTION  TIME 

IX  INJECTOR  TO  OBSERVATION  POINT  ( 10-3  s) 

Figure  52.  Temporal  profile  of  v"  »  12.  IF(X)  was  formed  using  l2  +  F 

reaction.  •  -  total  pressure  »  0.476  torr;  total  pressure 

0.729  torr;  o  -  total  pressure  -  0.945  torr 
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intensity  taken  under  comparable  conditions.  From  Fig.  53  we  observe  that  the 
chemiluminescence  intensity  tails  off  at  a  faster  rate  than  does  v"  »  iq. 
However,  we  note  that  the  observed  rate  of  diminution  of  v"  -  10  is  actually 
the  sum  of  the  rate  into  v"  »  10  from  v"  >  10  and  the  rate  out  of  v"  »  io  to 
lower  v".  The  log  of  LIF  intensity  for  LIF  from  v"  -  10  versus  reaction  time 
is  plotted  in  Fig.  54.  From  the  linear  plot  we  deduce  the  decay  is  first 
order.  Under  psuedo  first  order  conditions  with  the  quencher  gas  in  large 
excess,  a  kinetic  analysis  yields  a  working  equation  for  determining  the 
quenching  rate  coefficient: 

ILIF)  .  , 


REACTION  TIME 

IX  INJECTOR  To  ubiER V AT IUN  POINT  ao'^sl 


Figure  53.  Plot  of  temporal  evolutions  of  IF*  ano  IF(B-t-X)  chemiluminescence 
Intensity  IF(X)  produced  by  I?  +  F  reaction.  -  LIF  signal  from 
excitation  of  IFMX;v"  »  10);  •  -  IF(B+x)  chemiluminescence 
intensity  (data  are  normalized  at  one  point).  Argon  pressure 
was  800  mTorr 
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REACTION  TIME  -  IX  INJECTOR  TO  OBSERVATION  POINT  (10*3  s) 

Figure  54.  Semi  log  plot  of  ClF(X,v"  -  10)]  veraua  reaction  time.  Data 
taken  from  Fig.  54 

where  [Q]  is  the  concentration  of  the  quenching  species  (in  this  case  argon) 
ILIF  is  1110  intensity  of  the  LIF  signal  from  v"  -  10  and  t  is  the  reaction 
time.  The  rate  for  quenching  of  v"  •  10  by  Ar  determined  from  the  data  is 
k  »  1.8  x  10"14  cm-}-molecule“1-s“1 .  It  must  be  remembered  that  this  is  the 
quenching  rate  for  the  net  V-T  from  relaxation  into  and  out  of  v"  -  10. 
Although  the  investigation  of  V-T  relaxation  of  IF(X,v“>>0)  is  preliminary, 
is  clear  that  the  LIF  techniques  developed  in  this  program  could  be  used  to 
determine  accurately  V-T  relaxation  rate  coefficients. 
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5.  CONCLUSIONS 


In  this  report  we  describe  a  multifaceted  investigation  that  appears  to 
confirm  that  IF*(v"  >  9)  is  an  important  species  in  the  excitation  of  IF(B)  by 
O2 ( ^  A )  •  This  excitation  process  displayed  a  quadratic  dependence  upon  the 
02(1A)  concentration  which  suggests  a  sequential  excitation  involving  an  IF 
reservoir  state  which  is  almost  certainly  IF(A' ) .  There  is  a  preponderance  of 
evidence  to  support  this  hypothesis. 

The  earlier  results  of  Whitefield  et  al.  (Ref.  13)  showed  a  peak  in  the 
population  in  IF(B)  near  v'  ~  6.  Similar  trends  were  also  observed  in  the 
present  work.  This  distribution  although  not  nascent  may  indicate  the 
entrance  channel  into  IF(B).  Since  Te ( A* )  is  ~13490  cm-1  energy  transfer  from 
02(1A)  would  have  energy  sufficient  to  promote  IF(A' ,v‘  «  0)  v'  >  5  of  the 
B  state.  If  IF(A' )  contained  any  vibrational  excitation  then  higher  levels 
would  be  accessible. 

The  LIF  results  showed  that  IFt(v"  >  9)  is  the  important  species  in  the 
02{^A)  excitation  process.  The  energy  of  02(  ^A)  +  IF*(v"  -  9)  is  13393  cm-1 
which  is  very  close  to  the  estimate  of  Te(A* ) .  Vibrational  levels  <9  are 
sufficiently  below  this  value. 

The  combined  chemiluminescence-LIF  experiments  showed  that  when  the 
IF+ ( v 1  >  9)  was  reduced  by  thermalization  the  efficiency  of  IF(B)  production 
was  markedly  reduced.  The  results  also  clearly  demonstrated  that  the  I2 
species  produced  the  most  IF*  and  the  strongest  chemiluminescence. 

A  second,  much  less  efficient  excitation  process  was  also  identified  in 
which  vibrational  cold  IF  was  excited  by  02(1E).  The  obvious  model  is  that 
02 (  1 E )  energy  transfer  promotes  IF  to  the  A'  state  and  a  secondary  02(’a) 
encounter  completes  the  excitation  process. 
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While  the  present  program  has  identified  that  IF*  is  an  important  inter¬ 
mediate  species  in  the  excitation  of  XF(B)  by  02(1A)t  key  rate  coefficients  in 
the  process  are  essentially  unknown.  It  does  appear  that  the  mechanism 
involving  IF*  is  much  more  efficient  than  the  Oj^E)  +  IF  excitation  process. 

The  determination  of  the  rate  of  IF(B)  production,  at  (^(’a)  concentra¬ 
tions  much  greater  than  those  obtained  in  the  present  experiment,  would  be  a 
valuable  experiment  to  further  test  the  scaling  of  this  interesting  system  to 
laser  densities.  There  are  other  IF  precursors  that  could  be  investigated 
that  might  offer  enhanced  IF*,  e.g.,  CjHgl  (Ref.  39).  The  role  of  IF(A* ) , 
while  strongly  indicated  from  the  present  results,  has  not  yet  been  identified 
in  the  gas  phase.  A  systematic  study  of  IF(D*  «-  A')  laser  excitation  in  an 
IF  +  02(1A)  flame  would  be  a  valuable  investigation. 
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